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DECLARATION OF MAHIN D. MAINES UNDER 37 C.F.R. § L132 



I, Mahin D. Maines, pursuant to 37 C.F.R. § 1.132, hereby declare: 

1 . I am the inventor of the above-identified application. 

2. I am currently Professor of Biochemistry and Biophysics at the 
University of Rochester Medical Center, Rochester, NY. 

3. I received a B,A. in Biology from Ball State University in 1964, an 
M.S. in Chemistry from Ball State University in 1967, and a Ph.D. in Pharmacology from the 
University of Missouri in 1970. A major focus of my career has been involved with 
biliverdin reductase, its activities, its properties, and how the protein interacts with other 
cellular components to regulate cell activities. Since 1981, 1 have published over twenty-four 
articles concerning different aspects of biliverdin reductase. 

4. I am presenting this declaration to: (i) confirm that the nucleotide 
sequence of himian biliverdin reductase ("BVR") used in the example to the present 
application was the nucleotide sequence for human BVR that is identified in the application 
as SEQ ID NO: 2; and (ii) demonstrate that the structure and fimction of BVR proteins are 
highly conserved among mammalian BVR and, therefore, results achieved with human 
and/or rat BVR are predictive of results that can be achieved with other mammalian BVR. 
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BVR Sequence Used in Examples of Specification 

5. The description of the figures that appears in the present application 
indicates that the BVR expressed in transformed cells is that of human BVR. In performing 
the experimental work reported in the example, I used the human BVR DNA sequence that is 
reported in the application as SEQ ID NO: 2. No other human BVR DNA sequence is 
explicitly recited in the present application. 

Conservation of Structure and Function Among Mammalian BVR 

6. The present application identifies two human BVR amino acid 
sequences (SEQ ID NO: 1 and SEQ ID NO: 3) and a single rat BVR amino acid sequence 
(SEQ ID NO: 4). The two hxmian BVR sequences are 99 percent identical. The human BVR 
of SEQ ID NO: 1 and the rat BVR of SEQ ID NO: 4 are 82 percent identical 

7. Mammalian BVR proteins are characterized by a number of shared 
structural features. As identified in the present apphcation, human BVR of SEQ ID NO: 1 is 
characterized by the following structural features: a basic N-terminal domain characterized 
by the sequence ERK at residues 6 to 8; a hydrophobic domain characterized by the sequence 
FGWW at residues 9 to 14 (which matches the consensus sequence of SEQ ID NO: 6); a 
nucleotide binding domain characterized by the sequence GVGRAG at residues 15 to 20 
(which matches the consensus sequence of SEQ ID NO: 7); an oxidoreductase domain 
characterized by the sequence AGKHVLVE at residues 90 to 97 (SEQ ID NO: 8 as 
corrected); a leucine zipper characterized by the sequence LX6LX6KX6LX6L at residues 129 
to 157 (SEQ ID NO: 9); several kinase motifs characterized by the sequence SRR at residues 
44 to 46 (SEQ ID NO: 10), KGS at residues 147 to 149 (SEQ ID NO: 1 1), and FGF at 
residues 162 to 164 (which matches the consensus of FGX, SEQ ID NO: 12); a nuclear 
localization signal characterized by the sequence GLKRNRY at residues 222 to 228 (SEQ ID 
NO: 13); a myristylation site characterized by the sequence PGLKR at residues 221 to 225 
(SEQ ID NO: 14); a zinc finger domain characterized by the sequence HCXioCC at residues 
280 to 293 (SEQ ID NO: 15); a protein kinase C ("PKC") enhancing domain characterized by 
the sequence KKRILHC at residues 275 to 281 (which matches the consensus of SEQ ID 
NO: 16); and a PKC inhibiting domain characterized by the sequence QKYCCSRK at 
residues 290 to 296 (which matches the consensus of SEQ ID NO: 17). I have since 
identified additional kinase motifs within the human BVR sequence, including GRAGS VRM 
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at residues 17 to 24 which conforms to the XRXXSXRX motif (Kemp et al., "Protein Kinase 
Recognition Sequence Motifs," Trends in Biological Sciences 15(9):342-346 (1990) (copy 
attached hereto as Exhibit 1), and YMKM at residues 198 to 201 which conforms to the 
YMXM motif (^ee Shoelson et al., "YMXM Motifs of IRS-1 Define Substrate Specificity of 
the Insulin Receptor Kinase," Proa. Natl Acad. Sci. USA 89:2027-203 1 (1992) (copy 
attached hereto as Exhibit 2). The rat BVR sequence of SEQ ID NO: 4 contains an identical 
hydrophobic domain, an identical nucleotide binding domain, an identical oxidoreductase 
domain, a conserved leucine zipper domain (i.e., with any residue variations being between L 
and K residues), identical or conserved kinase motifs, an identical nuclear localization signal, 
an identical myristylation site, a conserved zinc finger domain, a conserved PKC enhancing 
domain, and a conserved PKC inhibiting domain. Based on the shared or conserved 
structural features between the human and rat BVR sequences, one of ordinary skill in the art 
would expect other mammalian BVR sequences to share these same identical or conserved 
structural features. 

8. The reasonableness of the expectation of shared structural features, 
based on a comparison of hxmian and rat BVR sequence, is confirmed by the alignment of 
human and rat BVR sequences with the mouse and pig BVR sequences, which have 
subsequently been obtained. The mouse BVR sequence, obtained in my laboratory, is 
reported at Genbank Accession NP_080954, a copy of which is attached hereto as Exhibit 3. 
The pig BVR was also obtained in my laboratory using total RNA isolated fi"om Sus scrofa 
muscle tissue. The RNA was used to make cDNA in a reverse transcription reaction with 
iScript cDNA synthesis kit (BIO-RAD, #170-8890). 2 |al of the cDNA prep was used to 
amplify the biliverdin reductase open reading fi-ame with human specific full-length primers 
under the following conditions: initial denature 94*^C, 2 min; 40 cycles: denature temperature 
94°C for 30 sec, annealing temperature 65''C for 30 sec, extension temperature 72°C for 1 
min; and final extension 72^C, 10 min. The PGR product was pxorified with QIAquick gel 
purification kit (Qiagen, #28704) and used for direct sequencing with gene-specific primers 
giving overlapping fi-agments with BigDye terminator mix (version 3.1). hidependent 
purification of total RNA firom another source of Sus scrofa muscle tissue, cDNA sjmthesis, 
PGR amplification, and gel purification was done as described above. The PGR product was 
used to clone into the pETBlue vector plasmid (Novagen, #70599-4). Recombinant DNAs 
were checked for insert and orientation using PGR analysis with gene specific primers and 
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restriction endonucleases Xbal and EcoKl. One of the plasmids pETBlue/SsBVR-3 was used 
for sequencing analysis. Both independent sets of sequences, from cDNA amplicon eind from 
cloned fragment, were in perfect match with each other. A copy of the pig BVR cDNA and 
amino acid sequences is attached hereto as Exhibit 4. The mouse and pig BVR amino acid 
sequences were aligned with the human and rat BVR amino acid sequences using the 
ClustalW alignment program set on its default settings. A copy of the alignment of these four 
mammalian BVR sequences is attached hereto as Exhibit 5. 

9. The mouse BVR sequence is about 8 1 percent identical to the human 
BVR sequence of SEQ ID NO: 1 . Based on the alignment of Exhibit 3, one of ordinary skill 
in the art would conclude that mouse BVR, when compared to the human BVR of SEQ ID 
NO: 1, contains an identical hydrophobic domain, an identical nucleotide binding domain, an 
identical oxidoreductase domain, a conserved leucine zipper domain (i.e., with any residue 
variations being between L and K residues), identical or conserved kinase motifs, a conserved 
nuclear localization signal, an identical myristylation site, a conserved zinc finger domain, an 
identical PKC enhancing domain, and a conserved PKC inhibiting domain. This high 
structural conservation, particularly within previously identified fimctional domains of the 
protein, indicates that the proteins are fianctionally quite similar. 

10. The pig BVR sequence is about 98 percent identical to the human BVR 
sequence of SEQ ID NO: 1. Based on the alignment of Exhibit 3, one of ordinary skill in the 
art would conclude that the pig BVR, when compared to the human BVR of SEQ ID NO: 1, 
contains an identical hydrophobic domain, an identical nucleotide binding domain, an 
identical oxidoreductase domain, a conserved leucine zipper domain (i.e., with any residue 
variations being between L and K residues), identical or conserved kinase motifs, an identical 
nuclear localization signal, an identical myristylation site, a conserved zinc finger domain, an 
identical PKC enhancing domain, and an identical PKC inhibiting domain. This high 
structural conservation, particularly within previously identified fimctional domains of the 
protein, indicates that the proteins are fimctionally quite similar. 

11. In addition, based on the known biochemical pathways shared by 
mammalian BVR proteins, one of ordinary skill in the art would have expected the results 
achieved with one mammalian BVR to be consistent with other mammalian BVR. Prior to 
my co-pending U.S. Patent Application Serial No. 09/606,129, filed June 28, 2000, it was 
widely believed that BVR was a general housekeeping enzyme that was conserved among 
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mammals, catalyzing the NADPH-dependent reduction of biliverdin to produce bilirubin. In 
particular, Noguchi et al., "Purification and Properties of Biliverdin Reductase from Pig 
Spleen and Rat Liver,' V. Biochem. 86(4):833-848 (1979)C'Noguchi")(copy attached as 
Exhibit 6) reports that purified pig and rat B VR has both NADH- and NADPH-dependent 
activities in converting biliverdin to bilirubin, with the NADH-dependent activity being 
optimal at pH 6.9 and the NADPH-dependent activity being optimal at pH 8.5. Noguchi also 
indicates that both systems are inhibited by bilirubin, but inhibition of the NADPH-dependent 
activity was more pronounced. In addition, Noguchi reports that the NADPH-dependent 
activity for biliverdin had a Km of 0.3 jaM whereas the NADH-dependent activity for 
biliverdin had a Km of 1-2 ^M. Rigney et al., "The Reaction Mechanism of Bovine Kidney 
Biliverdin Reductase," Biochim, Biophys. ACTA 957:237-242 (1988)(copy attached as 
Exhibit 7) reports that purified bovine BVR has both NADH- and NADPH-dependent 
activities in converting biliverdin to bilirubin, with the NADH-dependent activity being 
optimal at pH between 6 and 7 (depending on the buffer system utilized) and the NADPH- 
dependent activity being optimal at pH 8.5. Rigney et al., "The Kinetics of Ox Kidney 
Biliverdin Reductase in Pre-steady State: Evidence That the Dissociation of Bilirubin is the 
Rate-determining Step," Biochem J, 259:709-713 (1989)(copy attached as Exhibit 8) 
confirms that the broad features of the reaction mechanism for NADPH- and NADH- 
dependent activities are the same, with BVR activity exhibiting a pH-dependent burst in the 
rate of conversion of biliverdin to bilirubin followed by a steady-state rate. As addressed in 
the present application, at Example 1, human BVR shares the property of dual co-factor 
activity using NADPH and NADH. In addition to the conserved activity among mammalian 
BVR, Rigney et al., "Some Physical and Immunological Properties of Ox Kidney Biliverdin 
Reductase,'' Biochem J. 255:431-435 (1988)("Rigney Iir')(cx)py attached as Exhibit 9) 
reports at Table 2 and page 435 (first column) that antibodies raised against ox BVR were 
able to immxmoprecipitate BVR from numerous mammals, including pig, guinea pig, mouse, 
rat, hamster, fox, wallaby, and human. All of the foregoing confirms that those persons of 
skill in the art believed BVR to be functionally well-conserved among mammals. 

12. Based upon the high degree of structural similarity of the three BVR 
proteins identified in the present application, addressed in paragraphs 6 and 7 above, as 
confirmed by their high degree of structural similarity with mouse and pig BVR sequences as 
addressed in paragraphs 8-10 above, and the functional similarity of many mammalian BVR 
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ptx>teins as Identified in paragraph 1 1. persons of skill in tiie art would have expected results 

achkved with any one mammaUan BVR protein to be achievable with other mm 
BVR proteins. 

13. Ihereby declare that all statements made herein of my own knowledge 
are true and that all statements made on information and belief are believed to be true; and 
ftirther that these statements were made with the knowledge that willfijl false statements and 
the like so made ore punishable by fine or imprisonment, or both, under section 1001 of Title 
18 of the United States Code, and that such willful false statements may jeopardize the 
validity of the application or any patent issuing thereon. 



Date; '^/W/O^ /TTldk^J^ j) /nW^U^ 

MiAin D. Nfaines 
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A REVIEW of protein kinase recognition 
sequences is both long overdue and 
premature. It is overdue because many 
of the approaches and applications of 
this field are more than a decade oM, 
and it is premature because we do not 
know the three-dimoisibna! structure of 
a sii^e protein kinase substrate com- 
plex. The study of protdn kinases over 
the last 35 years has resulted in protein 
phosphorylation being recognized as 
one of the most important mechanisms 
of regulating intracellular processes. 
There are few, if any, physiological pro- 
cesses in eukaryotes that are not 
dependent on protein phosphorylatiCMi. 
While this brief review is focused on 
protein kinase recognition motifs, it 
should be recognized that protein phos- 
phatases, v^ich catalyse the reverse 
reaction, are equally important pli^ers 
in the ovarii process of regulation of 
protein function by phosphorylation. 
Undoubtedly, their specificity and regu- 
latory properties are no less important 
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Protein kinase recognition 
sequence motifs 



Bruce E. Kemp ar-.d Richard 3. Pearson 



Protein kinases play a crucial role in the regulatk)n of many cellular 
processes. They alter the functions of th^r target proteins by 
phosphorylating specific serine, threonine and tyrosine residues. 
Identlficallon of phosphorylation site sequences and studies with 
corresponding model peptides have provided clues to how these 
important enzymes recognize their substrate proteins. This knowledge has 
made it possible to Identity potential sites of phosphorylation In newly 
sequenced proteins as well as to construct specific model substrates and 
inhibitors. 



All protein kinases contain a common 
catalytic domain %^ich typically 
extends ova- 240 residues*, including 
the binding sites for ATP and the pro- 
tein substrate (Fig. 1). The ATP-binding 
site is located at the amino terminus of 
the domain as characterized by the 
Rossmann motif, GXGXXG, while the 
centralty located AsplS4 is responsible 
for base catatysed transfer of the phosr 
phate to the protein substrate^. The 
binding site for the protein substrate is 
not uneqiuvocally established, although 



some evidence favours the idea that it 
is located lii the carbQxy4erminal 60 
residues of the catalytic domain^ 

Early studies found that protein 
kinases phosphorylated their target 
proteins at discrete sites. These 
enzymes were shown to prefer certain 
exogenous substrates (such as casein, 
phosvitin and histones) and onty phos- 
phorylated a limited number of availr 
able sites. Indeed, Krebs and Fischer 
showed that phosphorylase kinase only 
phosphorylated Serl4 in phosphoryl- 
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ase whidi contains 64 Ser and Thr 
residues. Langan's pioneering woric on 
histone phosptunyiation demonstrated 
that several protdn kinases may phos- 
phorylate a common substrate at muk 
tipie sites. Ttie importance of substrate 
specificity was further highlighted by 
the discovery of the cAMP-dep^dent 
protein kinase by Wabh and his col- 
leagues. This enzyme did not phosphory- 
late phosphorylase but did phosphory- 
late a wide range of exogenous pro- 
teins. The idea that the multiple func- 
tions of the second messenger cAMP 
were all mediated by the cAMP-depen- 
dent protein kinase implied the enzyme 
recognized a panel of protein sub- 
strates that were subject to hormonal 
regulation. This raised the question of 
how protein kinases recognized specific 
residues out of the numerous hydroxy! 
groups in their sut>strates. 

It became evident that the local 
sequence around the phosphorylation 
. site played a vital role in recognition by 
the cAMP-dependent protein kinase and 
that arginine residues were involved. 
The cAMP-<lependent protein kinase 
phosphorylated P casein B at Serl24 In 
the sequence TERQ^J (nos 120-126) 
but not in the more common variant p 
casein A^ where Ser replaces Arg at 
position 122 (Ref. 4). This observation 
suggested that the cAMP-dependent 
protein kinase substrate recognition 
motif may be the RXS* sequence^. 
Studies in several laboratories in the 
mid-1970s demonstrated that the cAMP- 
dependent protein kinase readily phos- 
phorylated short synthi^ic p^tides^ 
and provided compelling evidence for 
the role of Arg residues. Significant^, 
the synthetic peptide modelled on the 
liver pyruvate kinase phosphorylation 
site sequence, UtRASljG (Kemptide), 
was phosphorylated with kinetic con- 
stants comparable to native protein 
substrates. This data suggests that all 
of the information necessary for recog- 
nition by the cAMP-dependent protein 
kinase could be present in the local 
phosphorylation site sequence and that 
RRXS was a preferred motif (renewed 
In Ref. 5). While the primary sequence 
and proximity of Arg residues plays an 
Important role, higher orders of struc- 
ture can have an overriding influence. 

*The phosphate acceptor site is indicated S* to dis- 
tingMlsh ft from serine phosphate (S(P)) which may 
act as a speciflctty determinant for some protein 
kinases. Where the specificfty determinants are 
kmm. less essential residues are marked X and 
determinant residues are shown in tM>kl. The oonv 
plete phosphorylation site sequence is 0v8n where 
the nudor determinants are not known (see Table I). 
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General structure of a protein kinase catalytic domain. Residues conserved in almost all 
known serine, threonine and tyrosine protein kinases are numt)ered according to the 
cAMP-dependent prote'm kinase catalytic siAunit 



For example, iysozyme does not act as 
a substrate lor the cAMP-dependent 
protein kinase unless it is chemically 
modified. 

Protein kinase specificities 

The study of sequences surrounding 
the local phosphorylation site and the 
phosphorylation of model peptides has 
enabled the identification of phos* 
phorylation site motifs for a number of 
protein kinases (see Table 1). Althou^ 
this is an extensive list, the explosion of 
protein kinase sequences generated by 
DNA cloning has outstripped our knowl- 
edge of their substrate specincitles and 
Identification of natural substrates. 

All of the calmodulinHdependent pro- 
tein kinases studied to date utUize l)asic 
residues as specificity determinants. 
The specificity of phosphorylase kinase 
was studied in detail by Graves and his 
colleagues^ In the model palimhomic 
peptide LSYRRYSL (nos 1-8). Ser2 Is 
phosphorylated by phosi^or^ase 
kinase, whereas the cAMP-dependent 
protein kinase phosphorylates Ser7 on 
the cart)oxyi side of the adjacent 
arginines^ While there is a strong influ- 
ence of a carboxyl basic residue S*XR 
in the phosphorylase peptide, this is 
not an absolute requirement since the 
enzyme can phosphorylate sites with- 
out a basic residue in this position. The 
non-charged adjacent residues may also 
Influence the phosphorylation of model 
peptides. The myosin light<hain ki- 
nases from both smooth and skeletal 
muscle also show restricted substrate 
specificity for myosin light chains. 
While the skeletal muscle isoenzyme 
will phosphorylate light chains from 
skeletal, cardiac and smooth muscle, 
Stull and his colleagues have shown 
that the smooth muscle enzyme has a 
strong preference for light chains from 
the same muscle. The smooth muscle 



myosin light-chain kinase requires the 
sequence KKRXXRXXS*, with the num- 
ber and spatial arrangement of the 
basic residues essential for favourable 
kinetics of phosphorylation and for 
directing the phosphate to the correct 
slte^ In skeletal muscle myosin l^ht 
chains the local phosphorylation site 
sequence contains Glu at residue 10 In 
the sequence PKKAKRRAAEGSS^NVFS 
(nos 1-17), Synthetic peptide analogs of 
the native sequence are phosphoryl- 
ated with low Vjotx values, whereas 
those conlainii^ Arg at position 10. 
analogous to the smooth muscle light 
ch^ns, are readily phosphorylated by 
skeletal muscle enzyme. This is a good 
erample of a negatWe determinant that 
is {^parent from peptide studies but 
presumably not accessible in the intact 
protein. To some ectent studying the 
recognition requirements of protein ki- 
nases with hi^ly restricted speclfidty 
ranges, such as phosphorylase kinase 
and the myosin light-chain kinases, is 
made difficult because of the lack of 
multiple natural phosphorylation site 
sequence for comparisons. This is also 
a problem for the tyrosine kinases. On 
the other hand, the multifunctional 
calmodulin-dependent protein kinases 
have broad specificities and recognize 
the motif RXXS*X in both proteins and 
peptide substrates*. The specificity 
requirements of the other members 
of the calmodulin-dependent protein 
kinase family are being explored in sev- 
eral laboratories. 

Protein kinase C has been the subject 
of numerous substrate specificity stud- 
ies. The Initial studies were carried out 
on brain enzyme which consists of 
multiple isoenzymes. All protein kinase 
C preparations iiave a requirement for 
basic residues but there can be consid- 
erable variation in the Juxtaposition 
and choice of Arg over Lys around the 
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phosphorylation site. Synthetic pep^ 
tides containing the motif XRXXS*XRX 
tend to be the best substrates and 
indeed this arrangement is present in 
the pseudosubstrate airtor^ulatory 
region of the enzyme (see below). With 
the availability of individual recom- 
binant isoenzymes of protein Idnase 
Parker and his colleagues are exploring 
the basic residue requirements oi the 
individual teoenzyines. 

The specificity and recognition sites 
for the cyclic nucleotide^ependent pro- 
tein Idnases have been extensively stud- 
ied (reviewed in Ref. 5). For the cAMP- 
dependent protein ldnase» the most typi- 
cal motif is RRXS*X but RX5*X and 
KKXXS^X are also encountered. The 
phosphorylation site sequence RRS* 
occurs in both cardiac troponin and 
hormone-sensitive lipase, but limited 
synthetic peptide studies indicate that 
the Arg acQacent to the Ser(*) is less 
important than the second Arg. There is 
also evidence from synthetic peptide 
studies that more distal Arg residues on 
the amino-terminal side may have, a 
positive influence, indeed the heat- 
stable inhibitor (Walsh mhibitor) of this 
enzyme has the pseudosubstrate motif 
GRTGRRNA^I with Ala occupying the 
equivalent of the Ser phosphate accep- 
tor site. In scanning sequences for 
cAMP-dependent protein kinase sites 
the search pattern is RXS*, then RRXS* 
or KRXXS*, and not S*XR as the car- 
boxy^erminal basic residue tends to be 
deleterious. The only known examples 
of RXS* motifs where X is not Arg are 
exxjKgenoiis substrates phosphorylated 
in t;itrq. The sites phosphorylated in 
vivo by the cAKfP-dependent protein 
kinase all contain multiple adjacent Arg 
residues in the arrangements RRXS* or 
mtS*, with two having the latter motif. 
A hydrophobic residue is often, but not 
exclusivdy, found after the Ser. While 
tfie yeast cAMP-dependent protein 
kinase specificity differs in several 
respects, the fact that it can be comp- 
lemented by the mammalian enzyme in 
yeast suggests that the differences do 
not override the natural function. 
Recognition site specificity of the 
cGMP-dependent protein kinase has 
t>een studied in detail by Glass and his 
colleagues^. From model peptide stud- 
ies, there is evidence for a requirement 
for an Arg located on the carboxy4ermi- 
nal side of the phosphorylated r^idue 
In the sequence S k or T*R; however 
this is not an absolute requirement as 
the enzyme has been shown to phos- 
phorylate sites without tliis. motif. The 
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TbMs !• Protein tcfauno phMphorylatloii site nMitfli 



Protein kinase 


Keoopnoon mour 


Itefs 


Phosphoryiase Mnase 


kfn(Qis*vR 


Chart* 


- Myosin ngnt cnain Mnase . 
(snooth muscle) 
Myosin Kght chain kinase 
(SKeieioi nnisciei 


XKKiiXXRXXS*X. 


Kenify^ 


MyosM heavy chain kinase 


KXXS*XorRxr*X 


Brzeska" 


C8tnK)dulin<)ependent 
protein kinase t 


NYLRRLS*DSNF 


C?emik^' 


Multifunctional calmo<iulin' 
dependent protein kinase il 


XRXXS'X 


Pearson* 


Calmodulirvdependent 
protein kinase III 


' IWGEr*RIT*DT"RK 


Naim*^ 


cAMP<lependent protein kinase . 

(mammaHan) 
(yeast) 


XRRXS'X 
XRIIXS*X 


Zetterqvis^ 


cuMrMiepenaent provein Kinase . 




UiM»a - 


promn kinase c (o^ p* » 


XRX)CS*XIIX 




SoionaseR 


XRXXS'X 


'Brfkson** 


dsRNAdependewt kinase pp68 


SEL5*RR 


Ootlhurst^ 


dsONA4ependent kinase 


Ptti (Jr QOQPMEEtt 


IjeesWfller^ 


Protease activated kinase 1 & ii 


M(RRRLSS*UIA 


Wfettenhall* 


Cell cycte kirase odO'28, MPF 


XI%S*PX or XKT FX 


Langan^ 


Pronne^sependeftt protein Kinase 


XS^WtOTAlWt 


VUiie^ 


(90wtn Taccor reguiaied Kinase 


Pl.T*PSGEA 


vounuMitiy • 


Casein kinase 1 


XS(P)XXS*XorXEXXS*X 


Pinr^ 


Casein kinase 11 


XS*XXEX 


Pinn^ 


Manvnary ^and casein Kinase 


XS*XEXorXS*XS(P)X 


Pinna^ . . 


Glycogen synthase kinase-S 


XS*XXXS(P)X 


Rol^ 


AMf^actlvated proleih kinase 
(ace^ CoA carbos^ase kinase) 
(HMGCoA reductase kinase) 
(honnone sensitive lipase kinase) 


MiRSSMS'Gliil 

MIHNRS'KINL 

MRRSVS*EAAl 


Han£e22 



precise requirements are msufficiently 
clear to allow cGMP-dependent protein 
Idnase phosphorylation sites to be con- 
fidently identified by scanning amino 
add sequences aione. 

As early as 1970 Rlbadeau-Dumas ef 
a!} made correct predictions about the 
speciflcity requirements of the casein 
kinase from the mammary gland Golgi 
apparatus (S*XE or S*XS^) based on 
the sequence of the polyphosphoryl- 
ated region in casein. Casein Idnase II 
specificity has been studied extensive- 
ly, in particular in the laix)ratories of 
Pinna and Krel>s. This enzyme has a 
very widespread distribution and recog^ 
nizes the motifs S^XXE and S*XXS(P). 



Not every site conforming to the motif 
is phosphorylated, casein kinase Q 
phosphor^ates Serlt and not.S«rl8 in 
the pq)tide from p casein ES15SSEE 
(DOS 14-21). On the othor hand, the 
mammary ^and enzyme phosptsoryi- 
ates Serl8 and not S«rl7 in this 
sequence. Casein kinase 1 and ]I have 
been shown to participate in hierarchal 
phosphorylation reactions by several 
groups. Roach and his colleagues found 
that prior phosphoryiation of glycogen 
synthase by cAMP-dependent protein 
kinase at SerT caused casein kinase I to 
phosphorylate SerlO, whereas phos- 
phorylation of ^y€x>gen synthase 1^ 
casein kinase n provides the recognition 
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ptKHphorylstkm s8a imrtKs (continued) 
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Recognition motif 
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^nivate defiydrogienase kinase 
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Histnne H4 kinase 1 


VKR1$*GLG 


Masaracchla^ 


Hlstone H4 kinase 11 


AcS*GRGl^ 
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kinase (E cotii 


GIRS*LNVALR 


Thorsness^ 


^renergic receptor kinase 


GY5*S*NGNr*GEQ$*G(Xli^ 
T'eO(X)5GT'VPS*DNJDS Q(Xb 


Hausdoffl^ 


Rhodopsin kinase 


DiEAS*rT*VKrEIS'<?W^ 


Patezewski^ 


Tropomyosin kinase 


DNALNDITS*L-COOH 


Watson* 


Tyiosbie kinases 


RUEDNEY*TARQGAK 


Geahien^ 


P56** 


RUEDNEY^AREGAK 


Geahlen^ 




FEED6ERY*0EDEE 


Geahien' 




REEADGVY*AASGGU9 


GeaNen^ 




RKIEONCr*TAREGAK 


GeaMen^ 




EEKEY*HAE 


Geahlen^ 


EGF receptor 


TAENAEY*LRVAP 


Geahlen^ . 


InaiKn receptor 


trdiy'etdyYrk 


Geahien® 


P75*^ 


drvtTvhpf 


Ge^len' 


Spleen ^mine kinase 
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* R. £. H. WettenliaU and N. IMorrice. unpubftshed. 



Ser(F) for glycogen synthase kinase^. 
This enzyme recognizes the motif 
XS*XXXS(P)X. It is of interest that aU 
four of the Ser/Thr kinases studied that 
utilize Glu or Asp as specificity determi- 
nants also recognize Ser(P). There are 
also examples where phosphorylation 
at one site by a particular protein 
kinase can suppress the phosphoryl- 
atk>n of a nearby residue by another pro- 
tein kinase. The neartyy phosphoryl- 
ation sites In the hormone sensitive 
lipase. MIU»VSEA (nos 560-567) exhib- 
it this behaviour with mutually exclu- 
sive phosphorylation^^ by the cAMP- 
dependent protein kinase (Ser563) and 
cabnoduiin-dependent protein kinase D 



(Ser565). It seems likely that examples 
of hierarchai phosphorylation will 
become more frequent as the specifici- 
ties of additional protein kinase are 
studied. So far hierarchai phosphoryl- 
ation has been observed between neart>y 
phosphorylation site sequences, as well 
as over distances of 25 residues in the 
case of the regulatory subunit Rg phos- 
phorylation by casein kinase II and 
glycogen synthase kinase^; It is poss- 
ible that even more distant interactions 
involving higher orders of structure 
mayoccur. 

The recognition sites for a number of 
tyrosine protein kinases have t>een 
examined. Inspection of the kno%^ 



phosphorylation sites indicates that 
acidic residues are often located near 
the tyrosine phosphate acceptor site 
and their importance has been demon- 
strated with model peptides in several 
instances. In general, few natural sub- 
strates (excluding autophosphoryl- 
ation) have been reported for tyrosine 
protein kinases and this has meant that 
we have not had the benefit of compari- 
sons. In sununarizing our knowledge of 
tyrosine phosphorylation site motifs. 
Geahlen and Harrison^ noted: *0b- 
servations drawn from the study of syn- 
thetic peptides have frustrated efforts 
to clearly define primary structural 
determinants that are invohred in the 
recognition of substrates by tyrosine 
kinases. It Is pertiaps some consolation 
to investigators of tyrosine kinaise sub- 
strate specificity that not ail peptides 
containing tyrosine residues are sub- 
strates*. Clearly some fresh approaches 
are required. 

Phosphorylation site nutifs 

The progress in recognizing specific 
phosphor>dation site motifs for many 
protein kinases tias led to the expec* 
tatlon of being able to scan protein 
sequences and idaitif/ phosphoryl- 
ation sites for ghfen protein kinases. 
However, considerable caution Is 
required as there are too many excep- 
tions at present to accept the phosphor- 
ylation site motifs listed in Tabie I as 
'canons* of recognition. We do not know 
precisely which nominal specificity 
determinants actually have correspond- 
ing residues in protein kinase active 
sites and which )ust favour an optimum 
conformation. Hopefully this dilemma 
will be short lived mth the imminent 
solution of the X-ray structure of the 
cAMP-depend^t protdn kinase com- 
plex with substrate and inliibitor pep- 
tides. Phosphorylation site sequence 
studies such as those made by Cohen 
and his colleagues have been of enor- 
mous value in contributing to our 
knowledge of protein kinase si^ecificity 
and the development of the concepts of 
recognition motifs, but their most 
enduring value is in answering the diffi- 
cult question of which sites are actually 
functionally significant cn oiiH>. 
Structures resanbling protein kinase 
phosphorylation site motifs also play 
an important role in the regulation of 
protein kinases. These structures, called 
pseudosubstrate prototopes, are lo- 
cated in the regulatory domains of pro- 
tein kinases and are responsible for 
maintaining protein kinases in inactive 
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forms^. The pseudosubstrate sequences 
typically contain an alanine in place of 
the serine or threonine found in the 
phosphorylation site niotifs. For protein 
kinase C, the pseudosubstrate sequence 
occurs between residues 19 and 31, 
RFARKGA*LRQKNV. which resembles 
the substrate motif EUOCS*XR (Table I) 
with Ala25 in place of the phosphate 
acceptor site. In this case, activation of 
protdn kinase C by binding of diacyl- 
glycerol .is thought to induce a confor- 
mational change tliat removes the pseudo- 
substrate structure from the active site 
allowing access to substrates. One can- 
not fail to be Impressed with the way 
nature has utilized the same features 
responsible for substrate recognition to 
regulate these important enzymes. 
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ABSTRACT Of 34 tyrosine residues In insulin receptor 
substrate 1 (IRS-1), 14 are adjacent to acidic residues, sug- 
gesting that they might be phosphorylation sites; Synthetic 
peptides corresponding to sequences surrounding these ty- 
rosines were used as substrates of the insulin receptor kinase. 
Surprisingly six of these, each within YMXM motifs, were 
phosphorylated with greatest efficiency 24-92 /aM; 

*cat/^m> 0.6-2.1 X 10^ M-*-sec-*). Substituted YMXM pep- 
tides revealed a strong preference of the insulin receptor kinase 
for methionine at Y + 1 and Y + 3 positions. When phosphor- 
ylated, related YMXM sequences are recognition motifis for 
binding to proteins with src^honiology (SH2) domains. The 
combined hydrophobte and flexible nature of methionine 
chains adjacent to the targeted tyrosines provides a versatiie 
contact for recognition by diverse proteins involved hi signal 
transduction. 



Insulin binding to the extracellular a subunits of the insulin 
receptor activates tyrosine kinase activity intrinsic to the 
intracellular subunits (1-4). This finding sparked a search 
for cellular substrates that could link the insulin receptor to 
postreceptor signaling events. The first identified endoge- 
nous substrate of the insulin receptor was ppl85, a cytoplas- 
mic phosphoprotein of 165-185 kDa (5). Recently, a cDNA 
corresponding to a component of the ppl85 band was se- 
quenced to provide the deduced primary structure of insulin 
receptor substrate 1 (IRS-1) (6. 7). As IRS-1 has little 
extended sequence homology with other known proteins, an 
intrinsic function for it has not been assigned. IRS-1 is 
phosphorylated on tyrosine residues after insulin stimulation 
(7), although the exact sites of phosphorylation have yet to be 
determined. Of a total of 34 tyrosines, 14 are preceded by 
acidic amino acids, suggesting that they might be tai^ets of 
the insulin receptor kinase. Surprisingly, 6 of these are in 
YMXM motifs and two more are in YXXM motifs. 

The platelet-derived growth factor (PDGF) receptor and 
polyoma virus middle-sized tumor antigen (middle T antigen) 
contain similar YMXM and homologous YVXM motifs, 
which are phosphorylated and thought to be essential for 
binding to phosphatidylinositol 3 '-kinase (PI 3-kinase) (8, 9). 
The 85-kDa regulatory subunit of PI 3-kinase contains two 
SH2 domains (10, 11), which are thought to mediate its 
interactions with the PDGF receptor, the pp60^"*«=/middle T 
antigen complex, and other proteins involved in cellular 
signaling (8). In fact, inununoprecipitation studies suggest 
that PI 3-kinase activity is closely associated with IRS-1 after 
insulin stimulation of intact cells (7, 12, 13). Thus, phosphor- 
ylated IRS-1 might act as a "docking protein'* to bind and 
regulate PI 3-kinase and additional signal-transducing pro- 
teins containing SH2 domains as well. 
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In this study, we show that peptides corresponding to 
IRS-1 YMXM motifs are excellent substrates of the insulin 
receptor kinase. In fact, within a given sequence the presence 
of methionine residues at Y + 1 and Y + 3 positions is even 
moire important than acidic residues N-terminal to tyrosine 
for catalytic efficiency. These findings suggest that in addi- 
tion to being recognition elements for interactions with SH2 
domain-containing proteins, residues within YMXM se- 
quences form a recognition motif for insulin receptor- 
catalyzed phosphorylation. These studies define structural 
requisites for efficient phosphorylation of a cellular substrate 
of the insulin receptor and may extrapolate directly to other 
members of the family of tyrosine kinases and their interac- 
tions with additional elements of signaling cascades. 

EXPERIMENTAL PROCEDURES 

Peptide Synthesis. Solid-phase syntheses were performed 
on an Applied Biosystems model 430A synthesizer using 
standard dicyclohexylcarbodiimide-mediated preformed 
symmetrica] anhydride coupling protocols. Amino acids with 
standard butoxycarbonyl/benzyl protecting groups were 
purchased from Applied Biosystems; additional solvents and 
reagents were the highest purity available. Peptide products 
were cleaved from the resin, side-chain protecting groups 
were removed, and methionine sulfoxide was reduced during 
"low-high" cleavages with trifluoromethanesulfonic acid 
(14). Peptides were typically quite pure; those having <95% 
purity by analytical reversed-phase HPLC were purified 
further by preparative HPLC (Waters Prep 4000) on a Dy- 
namax-300A 12- fim C8 column (41.4 x 250 mm) equipped 
with a matched guard column. Peptides were eluted with a 
mobile phase composed of acetonitrile in 0.05% aqueous 
trifluoroacetic acid (80 ml/min). Amino acid analyses of all 
peptides used for kinetic analyses were as predicted. 

Insulin Receptor Preparation. Chinese hamster ovary 
(CHO) cells, transfected with human insulin receptor con- 
structs and expressing 10^ receptors per cell (15), were grown 
in suspension in a 10-liter spinner flask in modified McCoy*s 
5A medium (GIBCO) containing 0.0345 mg of L-proline per 
ml and no CaCb (16, 17). Cells were solubilized in 1.0% 
Triton X-100 and receptors were partially purified on wheat 
germ agglutinin (WGA)/agarose as described (17, 18). WGA- 
purified protein was stored at -70X until needed. Identical 
aliquots of receptor were used for all assays. 

Substrate Phosphorylation Experiments. WGA-purified in- 
sulin receptor (600 /til; 1.5 pmol) was incubated sequentially 
with 1 fiM insulin (1 h at 4^0 and 50 /tM ATP/5 mM MnCb 
(1 h at 22*'C) for maximal phosphorylation. The peptides were 
diluted appropriately in a mixture of 50 /jM [y-^^P] ATP/5 mM 
MnCl2 in 50 mM Hepes containing 0.1% Triton X-100. 
Substrate phosphorylation reactions were initiated by the 



Abbreviations: IRS-1, insulin receptor substrate 1; PDGF, platelet- 
derived growth factor; middle T antigen, polyoma virus middle-sized 
tumor antigen; PI 3-ktnase, phosphatidylinositol 3'-kinase; SH2 and 
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addition of 13 /liI (32 fmol) of activated (insulin stimulated and 
ATP phosphorylated) insulin receptor, allowed to proceed at 
22°C for 5 min (final vol, 40 /il), and terminated by addition 
of 65 pX of 5% trichloroacetic acid. Incorporated phosphate 
was determined by a modification of the phosphoceUulose 
adsorption method (19). High molecular weight species were 
removed by precipitation after incubation in the presence of 
0.16% bovine serum albumin for 30 min at A'^C, Portipns of 
each supernatant solution containing phosphorylated pep- 
tides were spotted onto 2-cm^ pieces of P81 phosphoceUulose 
paper (Whatman) and washed four times for 30 min each in 
1.0 liter of 0.075 M phosphoric acid. The papers were rinsed 
in acetone and allowed to air dry; incorporated phosphate 
was determined by Cerenkov counting. 

Kinetic Analyses. Values for '^P incorporation into the 
peptide substrates (cpm) were converted to pmol/min rates 
(V) to facilitate direct comparisons between peptides; divid- 
ing each pmol/min value by 1.3 x 10"' mg (the amount of 
WGA-purified protein) converts it to the corresponding pmol 
per min per mg of protein value. and V^ax values and the 
corresponding standard errors were determined with the 
assistance of the enzyme program (20), which follows algo- 
rithms for appropriate weighting of data described by Cleland 
(21); each peptide was analyzed in two to five separate 
experiments (see Table 2). The amount of insulin receptor in 
the WGA-purified protein isolated from human insulin re- 
ceptor constnict-transfected CHO cells, estimated by 
[*^I]insulin binding and Scatchard analyses using the ligand 
program (22), was 25 nmol/mg (range, 10-40 nmol/mg), 
which corresponds to 1% of the lectin-bound protein. This 
value was used to determine turnover rates (^cat) and catalytic 
efficiency (^cat/^m)- 

RESULTS 

Peptide Design. Peptides corresponding to sequences of 
IRS-1 surrounding tyrosine residues were syntheisized. All 
consensus sites for tyrosine phosphorylation within YMXM 
motifs were prepared, as were additional consensus se- 
quences not found in YMXM motifs (Table 1). Each peptide 
was designed to include <0 the specificity residue Y, (ij) 
acidic residues N-terminal to Y, (hi) residues at Y + 1 to Y 
-h 5 positions, including the entire YMXMSP sequence, wlien 
appropriate, and (/V) as many native basic residues as pos* 
sible, up to a total of three. If sufficient basic residues were 
not present within the native sequence, lysine residues were 
added at the C or N termini to a total of three to guarantee 
adsorption to the phosphoceUulose paper used in the phos- 
phopeptide assay (23). Therefore, peptides varied in length 
(10-18 residues) and position of the tyrosine residue. 

Each peptide contains only one tyrosine with the exception 
of Y46,* which contains two side-by-side tyrosines flanked 
by ^utamic acid residues (Table 1). Peptides Y460 and Y546 
contain YXXM motifs in which the Y + 1 position is 
isoleucine or threonine, respectively, with acidic residues at 
appropriate positions relative to Y (Table 1). Peptides Y608, 
Y628, Y658, Y727, Y939, and Y987 each contain complete 
YMXM motifs with at least one acidic residue N-terminal to 

Y (Table 1). A final peptide, Y998, contains a single tyrosine 
residue that is neither in a YMXM motif nor adjacent to an 
N-terminal acidic residue; like four of the YMXM peptides, 
however, it does contain a serine and proline at the Y + 4 and 

Y + 5 positions (Table 1). 

^Peptides are named according to the position of tyrosine In the 
sequence of IRS-1 (e.g., a peptide corresponding to the sequence 
surrounding Y'" is called Y987); an analogue of Y*" In which 
methionine at the +1 position is mutated to threonine is called 
Y987(M988T). Peptide sequences are listed in Table 1. 



Table 1. Synthetic peptides corresponding to native and 
modified sequences of IRS-1 



Position/name 



Sequence 



Double tyrosine 

Y46 
YXXM motifs 

Y460 

Y546 
YMXM motifs 

Y608 

Y628 

Y658 

Y727 

Y939 

Y987 

Nonspecific sequence 
Y998 

Modified Y987 sequences 
Y987(D986N) 
Y987(M988I) 
Y987(M988T) 
Y987(M988Nle) 
Y987(M990T) 



RLEIXENEKK 
IfRGEEELSH YICMG GK 

/rirvsiEEiSEMMPftif 

ifiCHTDDGXflMSPGVA 
RKGNGDGXa£fiSPKSV 
/C/TRVDPNGXfiUSPSGS 
if/f/fLPilTGDlMfiSPV6D 
fTKGSEE YMHH DLGPGR 
/C/rSRGDJUmi(2IG 

KPRNSlVDTfiEVAPK 

K-ifSRGyifiMQIG 
if/TSRGDJZXflQIG 
yjfSRGD YrTM OIG 
/fifSRGDX±MQIG 
JCKSRGDlflMQIG 



Phosphorylated tyrosines are boldface and underlined, as are 
additional elements of the YMXM specificity motif. Non-native 
residues are in italics; basic residues were added for assay purposes 
and there is a cysteine to alanine substitution for peptide Y727. For 
modified Y987 sequences, substituted positions are italicized. 
tNorieucine. 

Additional analogues of Y987 (a low K^^ substrate with a 
complete YMXM motiO were prepared to test the functional 
importance of residues surrounding the targeted tyrosine 
(Table 1). To determine directly the eifTect of isoleucine or 
threonine in place of methionine at the Y + 1 position, as 
occurs naturally in sequences surrounding Y460 and Y546, 
these residues were substituted into the sequence of Y987. In 
addition, norieucine, which is isomorphic with methionine, 
was substituted at the Y + 1 position to further test require- 
ments for side-chain hydrophobicity and flexibility. The 
function of methionine at the Y + 3 position of Y987 was also 
tested by analogous substitution to threonine, and the re- 
quirement for an acidic residue (aspartic acid at Y — 1) was 
tested by a conservative substitution to asparagine. 

Peptide Phosphorylations and Kinetic Analyses. All peptides 
(Table 1) were phosphorylated by the insulin-stimulated and 
autoactivated receptor kinase in a time- and temperature- 
dependent fashion and displayed saturable kinetics (Fig. 1 A 
and C), which yielded linear Lineweaver-Burk plots (Fig. 1 
B and D). In every case, phosphorylation reactions were 
linear for at least S min (data not shown), validating condi- 
tions used for determinations of K^i^ and V^ax values (Table 
2). Rates of peptide phosphorylation (V^ax) £ind peptide 
concentrations required for half-maximal saturation (/r,„) 
varied dramatically between peptides (Fig. 1). The slopes of 
double reciprocal plots, which are proportional to Xm/^max 
(the inverse of catalytic efficiency), clustered into two groups 
(Fig. 1 B and D). Notably, native sequences having entire 
YMXM motifs displayed the smallest slopes (Fig. ID) and 
were therefore phosphorylated most efficiently. By contrast, 
YXXM peptides and other sequences not containing com- 
plete YMXM motifs all displayed steeper slopes (Fig. IB), 
demonstrating that they were phosphorylated less efficiently. 

Circulation of kinetic constants revealed that values for 
YMXM peptides ranged from 24 to 92 /tM, lower than values 
previously reported for any peptides used as exogenous 
substrates of the insulin receptor (Table 2). Values for V^ax. 
which range from 0.9 to 1.7 pmol/min (69-131 nmbl* 
min~^*mg~^), are difficult to compare to previous studies as 
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Fig. 1. Phosphorylation of peptides corresponding to native 
IRS-1 sequences by the insulin receptor kinase. Representative V vs. 
substrate concentration (A and C) and double reciprocal plots {B and 
D) aire shown for phosphorylation of non-YMXM sequences (a and 
B) and YMXM sequences (C and D). Peptide sequences are identified 
in Table 1; methods used for phosphorylation reactions and data 
handling are described in Experimental Procedures. 

this number varies with kinase specific activity. Values for 
^t/^m. determined in this study, range from 0.6 to 2.1 x 10^ 
M~^-s~^. Therefore, in terms of substrate binding (estimated 
by Km), turnover rates (/:cai)» and overall catalytic efficiency 
(*cat/^m). all of the YMXM peptide sequences are excellent 
substrates of the insulin receptor kinase. 

Similar analyses were performed with YXXM motifs (pep- 
tides Y460 and Y546; Table 1). Interestingly, for peptide 
Y460 phosphorylation (isoleucine at the Y + 1 position) was 
73 ^M, within the range of values for YMXM p>eptides; this 
peptide was a less efficient substrate because Vmax was 0.30 
pmol/min, well below the range for YMXM peptides, which 
suggests that side-chain flexibility in addition to hydropho- 

Table 2. Sununary of kinetic constants 



Peptide 



pmol/min 



l^czx/Kta% 

M-i-s-1 



Double tyrosine 






















Y46 


140 




85 


0.3 




0.06 


0.14 


1.0 


X 


10^ 


YXXM motifs 






















Y460 


73 




15 


0.3 




0.03 


6.16 


2.1 


X 


10* 


Y546 


300 


± 


30 


1.4 


± 


0.07 


0.73 


2.4 


X 


10^ 


YMXM motifs 






















Y608 


90 




20 


1.1 




0.09 


0.57 


6.2 


X 


10^ 


Y628 


60 




8 


1.2 




0.06 


0,63 


1.0 


X 


10* 


Y658 


86 




16 


1.6 




0.12 


0,83 


9.7 


X 


103 


Y727 


24 




2.9 


0.9 




0.06 


0,47 


2.0 


X 


10* 


Y939 


61 




29 


1.7 


± 


0.3 


0.89 


1.5 


X 


10* 


Y987 


34 


± 


8.8 


1.4 




0.11 


0.73 


2.1 


X 


10* 


Nonspecific 






















sequence 






















Y998 


3200 




600 


0.4 


± 


0.04 


0.21 


6.5 


X 


10 


Modified Y987 






















sequences 






















Y987(D986N) 


250 




69 


3.9 




0.6 


2.0 


8.1 


X 


105 


Y987(M9881) 


80 




15 


0.9 




0.07 


0.47 


5.9 


X 


lO' 


Y987(M988D 


250 


± 


80 


2.7 




0.44 


1.4 


5.6 


X 


10^ 


Y987(M988Nle) 


24 




7.1 


1.3 




0.12 


0.68 


2.8 


X 


10^ 


Y987(M990D 


370 


± 


110 


1.2 




0.13 


0.63 


1.7 


X 


10^ 



bicity at the Y + 1 position might be necessary for high 
turnover and catalytic efficiency. By contrast, the reduced 
catalytic efficiency of peptide Y546 (threonine at the Y + 1 
position) was due to a hi^ for phosphorylation, which at 
300 /xM was substantially greater Uian corresponding values 
for YMXM peptides; in this case V„»ax. at 1.4 pmol/min, was 
similar to the YMXM peptides. Within a limited context, 
these results begin to suggest that the unique character of 
methionine (being flexible and hydrophobic) performs a 
special function in enhanced catalytic efficiency. 

To test this more directly, the Y + 1 position within 
YMXM peptide Y987 was substituted with isoleucine, thre- 
onine, and norleucine (Table 1). In fact, both M988I and 
M988T substitutions reduced catalytic efficiency (/ccat/^m) 
nearly 4-fold (Fig, 28, compare slopes); the reasons for 
reduced efficiency were different for the two peptides, how- 
ever. The M988I substitution increased K^ti 2- to 3-fold and 
reduced Vm» nearly 2-fold (Table 2). By contrast, the M988T 
substitution increased both Km (7- to 8-fold) and V^aut (2-fold). 
Thus, in a single, defined YMXM sequence M988I and 
M988T substitutions have the same general effect as ol> 
served for the YXXM peptides (Y460 and Y546). Substitution 
of methionine with norleucine, whose side chain mimics that . 
of methionine regarding both hydrophobicity and flexibility, 
had no observable effect on K^y V^ax. and kcax/K^ (Fig. 2B\ 
Table 2). 

For further comparison, we substituted the Y + 3 methi- 
onine of peptide Y987 and the acidic residue N-terminal to 
tyrosine (Y - 1). Surprisingly, the M991T substitution had an 
effect even greater than the related Y + 1 substitutions (Fig, 
2D), with a 12-fold reduction in catalytic efficiency ik^at/Ktid 
resulting exclusively from an increase in A:^ (Table 2). 
Therefore, methionine residuesat Y + 1 aiid Y + 3 positions 
play a very special role in directing efficient catalysis by the 
insulin receptor kinase. Acidic residues, which exist near 
autophosphorylated tyrosines in the insulin receptor and 
other protein tyrosine kinases, are presumed to be important 
for intermolecuiar substrate recognition as well (23-27). The 
only acidic residue in the Y987 sequence was substituted with 
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[Peptide]. (mM) 
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Fig. 2. Insulin receptor-catalyzed phosphorylation of substi- 
tuted peptides corresponding to the IRS-1 sequence surrounding 
Y987. Representative V vs. substrate concentration (i4 and C) and 
double reciprocal plots (B and D) are shown for phosphorylation of 
peptides substituted at the Y + 1 position (A and B) or Y - 1 and Y 
+ 3 positions (Cand D). Peptide sequences are identified in Table 1; 
methods used for phosphorylation reactions and data handling are 
described in Experimental Procedures.- 
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asparagine to assess the isolated effect of having no negative 
charge N-terminal to tyrosine (Fig. 2D). was increased 
8-fold while V^ax was increased nearly 3-foid. These changes 
caused a net 2.5-fold reduction in catalytic efficiency {kcax/ 
Km)' Surprisingly, this is less deleterious than the corre- 
sponding effects observed for substituting methionine resi- 
dues at either Y + 1 or Y + 3 positions (Table 2). 

Two additional peptides corresponding to IRS-1 sequences 
not associated with YXXM or YMXM motifs were studied 
for comparison. Y46 contains a paired YY sequence flanked 
by acidic residues (EYYENE), resembling to a degree the 
major phosphorylation site of the insulin receptor itself 
(DIYETDYY) (28-30). The for peptide Y46 phosphoryl- 
ation was 134 /LJ.M, higher than that observed for YMXM 
peptides (Table 2), and was 3- to 4-fold lower. There- 
fore, although Y46 can be considered to be a good substrate 
of the insulin receptor, it was phosphorylated with lower 
efficiency (6- to 36-fold) than YMXM peptides. Peptide Y998, 
which contains serine and proline at the Y + 4 and Y + 5 
positions but lacks an acidic residue and methionine alto- 
gether, has a K„ for phosphorylation that Is markedly ele- 
vated (3.2 mM). In addition, is reduced (0.4 pmol/min) 
so ^cat/^m is dramatically rcduccd (65 M'^-s"*), which dem- 
onstrates the importance of primary sequence in directing 
insulin receptor kinase action and suggests that the effects of 
eicidic residues N-terminai to tyrosine and methionine resi- 
dues at Y + 1 and Y + 3 positions are cumulative. 

DISCUSSION 

Unlike serine/threonine-protein kinases, whose substrate 
recognition sequences are well defined by basic residues 
neighboring the phosphate acceptor (31-33), recognition se- 
quences for substrates of protein tyrosine kinases are not well 
characterized. Autophosphorylated tyrosines within protein . 
tyrosine kinase sequences are frequently located near acidic 
residues, which has led most investigators to focus on these 
positions as consensus sequences for tyrosine phosphoryla- 
tion (23-27, 34-37). Synthetic peptides corresponding to 
autophosphorylation sites are phosphorylated by tyrosine 
kinases with values typically in the millimolar range, 
which is considerably higher than values obtained for peptide 
substrates of serine/threonine kinases (23-27, 31-37). Unre- 
lated peptides such as angiotensin and gastrin analogues are 
also phosphorylated by protein tyrosine kinases. Angioten- 
sins I and II (both containing the DRVY*IHPF sequence) are 
phosphorylated with values in the 1-4 mM range (26, 34), 
while gastrin analogues having five sequential glutamates 
N-terminal to tyrosine are phosphorylated with values in 
the 50-200 /iM range (35, 36). In fact, of all synthetic peptides 
studied previously as tyrosine kinase substrates, gastrin had 
the lowest Km* a fact supporting the notion that acidic 
residues are important for tyrosine phosphorylation. How- 
ever, systematic studies to define substrate specificity 
showed that when acidic residues of various peptides were 
replaced by uncharged amino acids, effects on V^/K^ were 
often relatively small (2- to 4-fold) (23-27, 34-37). 

The insulin receptor has tyrosine kinase activity similar to 
that of the viral transforming proteins, their cellular coun- 
terparts, and growth factor receptors. The insulin receptor 
phosphorylates the src peptide and angiotensin with K^ 
values in the millimolar range (26) and, in addition, phos- 
phorylates a peptide corresponding to its own major auto- 
phosphorylation site (residues 1154-1164) (28-30) with a Km 
value of 0.2-0.3 mM (18. 23. 30, 37). While the sequence at 
residues 1154-1164 might be a preferred substrate sequence, 
it was the recent identification of an endogenous substrate 
that allowed us to test sequences that might direct intermo- 
lecular substrate recognition. Finding biolo^cally important 
sites of substrate phosphorylation will facilitate testing the 
importance of elements of secondary or tertiary structure in 



addition to that of primary sequence. For the insulin recep- 
tor, IRS-1 may be such a substrate. IRS-1 is a component of 
ppl85 that is immunoprecipitated from insulin-stimulated 
cells by anti-phosphotyrosine antibodies. IRS-1 is phosphor- 
ylated on tyrosine residues in response to insulin (5-7) and 
appears to link the receptor to other components of the 
intracellular signaling cascade (e.g., PI 3-kinase; ref. 7).. 

As yet, we do not know which of the 34 tyrosine residues 
in IRS-1 are actually phosphorylated, although 14 have acidic 
residues N-terminal to the tyrosine position, which would 
categorize them as conventionaJ consensus sequences for 
tyrosine kinase recognition. Surprisingly, 6 of these are 
within YMXM motifs and 2 more are in YXXM sequences, 
which previous studies (8-10, 38) suggest are important for 
interactions with PI 3-kinase and other proteins having SH2 
domains. In this report, we show that synthetic peptides 
corresponding to IRS-1 YMXM sequences are excellent 
substrates for the insulin receptor kinase. In fact, calculated 
values of Km are lower than has been reported previously for 
peptides phosphorylated by any tyrosine kinase, with the 
exception of epidermal growth factor receptor-catalyzed 
phosphorylation of gastrin (which contains the homologous 
EEEEEAYGWM sequence; refs. 35 and 36). 

Amino acid substitution studies show that different posi- 
tions within the YMXM motif effect catalytic efficiency. 
Substitutions of methionine at Y + 1 decrease catalytic 
efficiency for tyrosine phosphorylation *«4-fold, estimated by 
(0 comparisons of k^JKm for peptides Y460 and Y546 
(YXXM motifs) and the six YMXM peptides, and (//) direct 
comparisons between kc^t/^m for the wild-type Y987 se- 
quence and substituted peptides Y987(M988I) and 
Y987(M988T). Notably, norieuclne and methionine at the Y -I- 
1 position are functionally indistinguishable. Substitution of 
methionine at Y -I- 3 with threonine has an even greater effect 
on peptide Y987 phosphorylation, in this case reducing 
^at/^m «12-fold due to an effect on Km- Both of these eflFects 
are greater than that produced by substituting aspartic acid 
with asparagine at Y - 1 of peptide Y987 («2.5-fold reduction 
in kcax/f^ad' Sequences having neither N-terminal acidic res- 
idues nor methionine at Y + 1 and Y + 3 positions are 
phosphorylated much less efficiently. We do not know the 
significance of residues at the Y -f- 2 position (proline, methi- 
onine, asparagine, or threonine in the YMXM sequences 
studied here). Four of the six YMXM sequences of IRS-1 also 
have serine and proline at the Y + 4 and Y -I- 5 positions, 
although peptides with or without the YMXMSP residues are 
phosphorylated with equal efficiency. Furthermore, the Y998 
sequence contains serine and proline at the Y + 4 and Y + 5 
positions but without an acidic residue or methionine phos- 
phorylation was inefficient. The function (if any) served by 
these residues appears not to be related to phosphorylation. 

What, if anything, is special about Y -f- 1 and Y + 3 
positions, and why does methionine at these positions enhance 
kinetic efficiency? Sequences directly contiguous to and in- 
cluding YMXM are predicted by the Chou-Fasman algorithm 

(41) to be unstructured, although /3-tums are predicted, to flank 
each of the YMXM motifs of IRS-1 (data not shown); Alter- 
natively, it has been proposed that substrates might adopt 
amphiphilic helical structures at the kinase catalytic surface 

(42) ; if so, methionine residues at Y + 1 and Y -f 3 positions 
might be positioned appropriately for direct participation in 
binding. While we have not yet been able to analyze structure, 
the unique character of methionine may play a special role 
here. Isoleucine, leucine, and valine, while also highly hydro- 
phobic, have branched and thus relatively rigid side chains. By 
contrast, the side chain of methionine is unbranched. provid- 
ing considerable structural flexibility. In support of this, 
norieucine, which is equally flexible and hydrophobic com- 
pared to methionine, has an identical capacity to direct insulin 
receptor kinase action. This feature of methionine has recently 
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been proposed to provide a malleable nonpolar surface for 
signal peptide recognition (43) and plasticity in protein inter- 
actions with calmodulin (39), which would allow structurally 
diverse nonpolar surfaces to conform to the respective rec- 
ognition surfaces of the proteins to which they bind (40). Such 
a malleable, nonpolar surface might provide a mechanism to 
explain how the same IRS-1 YMXM motifs interact with the 
insulin receptor kinase and PI 3-kinase and, potentially, other 
tyrosine kinases and proteins with SH2 domains as well. The 
side chains of residues in the YMXM domain might be 
sufficiently flexible to provide a nonpolar surface that accom- 
modates itself equally to the surfaces of kinase active sites and 
SH2 protein binding pockets. 

Relationships between IRS-1 and other signal transduction 
proteins may be quite complex, as IRS-1 contains multiple 
copies of the YMXM motif that could interact selectively with 
different tyrosine kinases as well as distinct effector molecules 
containing various isoforms of the SH2/SH3 domain. Fur- 
thermore, other proteins involved in signal transduction con- 
tain related sequences. The PDGF receptor phosphorylates 
itself within YMXM or YVXM motifs (44), the src-associated 
middle T antigen contains a phosphorylated EEEEEEYMPM 
sequence (8, 45), and similar sequences within the colony- 
stimulating factor 1 receptor (DTYVEM) and kit oncogene 
(DSTNEYMDM) may be phosphorylated, as well (8). 
Whether YMXM motifs define a recognition sequence for 
efficient tyrosine phosphorylation by these and other protein 
tyrosine kinases remains to be tested. For the src-associated 
middle T antigen and the PDGF receptor, these sequences are 
thought to be involved in recognition by PI 3-kinase through 
interaction with one or the other of its SH2 domains (8, 9, 38, 
44). Similariy , studies to block interactions between IRS-1 and 
PI 3-kinase with synthetic phosphopeptides corresponding to 
IRS-1 YMXM sequences suggest that these interactions in- 
volve SH2 domains as well (unpublished data). 

In conclusion, YMXM, a redundant sequence motif iden- 
tified in IRS-1, is shown to define substrate specificity of the 
insulin receptor kinase. Methionine residues at the Y + 1 and 
Y + 3 positions are particulariy important for efficient kinase 
recognition, in addition to acidic nesidues N-terminal to 
tyrosine. Knowing a target motif for the action of the insulin 
receptor kinases, and possibly other tyrosine kinases as well, 
may enhance our understanding of tyrosine kinase signaling 
pathways. Furthermore, a tyrosine kinase target motif may 
facilitate identification of additional known or newly identi- 
fied proteins that might be involved in related signaling 
pathways. Certainly, as genomic sequencing efforts pro- 
gress, it will be increasingly useful to have identified short 
peptide motifs to help decipher which of these DNA se- 
quences encodes proteins acting as potential targets of tyro- 
sine kinase action. 
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CLUSTAL W (1.82) Multiple" Sequence . Aligniaents 



Sequence format is Pearson 
Sequence 1: H\aman_BVR . . 296 . aa 
Sequence 2: Rat_BVR 295 aa . ; . 

Sequence 3: M6use_BVR . 295 aa 

Sequence 4: Pig_BVR .296 aa 

Start of Pairwise alignments Aligning... 
Sequences (1:2) Aligned. Score: .82 
Sequences (1:3) Aligned. Score: 81 
Sequences (1:4) Aligned. Score: 98 
Sequences : (2:3) Aligned. Score: 88 
Sequences (2:4) Aligned. Score: 83 
Sequences (3:4) Aligned. Score: 82 
Start of Multiple Alignment 
There are 3 groupis Aligning... 
Group 1: Sequences: 2 Score: 6353 

Group 2: Sequences: 2 Score : 6075 

Group 3: Sequences: 4 Score: 5825 

Alignment Score 9407 

GLUSTAL W (1.82) multiple sequence alignment 



Human_BVR 
Pig_BVR 
Rat_BVR 
Mouse BVR 



MNAEPERKFGWWGVGRAGSVRMRDLRNPHPSSAFLNLIGFVSRRELGS I DGVQQI SLE 60 

MNAEPERKFGVVWGVGRAGSVRMRDLRNPHPSSAFLNLIGEVSRRELGSIDGVQQISLE 60 

MDAEPKRKFGVVWGVGRAGSyRLRDLKDPR-SAAFLNLIGEVSRRELGS 59 

MSTEPKRKFGVyWGVGRAGSVRIRDSKDPH-SSAFLNLIGYVSRRELGSLDNVRQISLE 5 9^ 



Human_BVR 
Pig_BVR 
Rat_BVR 
Mouse BVR 



DALSSQEVEVAYICSESSSHEDYIRQFLNAGKHVLVEYPMTLSLAAAQELWELAEQKGKV 12 0 
DALSSQEVEVAYICSESSSHEDYIRQFLNAGKHVLVEY PMTLSLAAAQELWELAEQKGKV 1 2 0 
DALRSQEIDVAYICSESSSHEDYIRQFLQAGKHVLVEYPMTLSFAAAQELWELAAQKGRV 119 
DALRSQEVDVAYICTESSSHEDYIRQFLQAGKHVLVEYPMALSFAAAQELWEiJ^QKGR 119 
**★ ***.,**★**;****★***;*****:***.********: 



Human_BVR 
Pig_BVR 
Rat_BVR 
Mouse BVR 



LHEEHVELLMEEFAFLKKEWGKDLLkGSLLFTSDPLEEDRFGFPAFSGISRLTWLVSLF 180 
LHEEHVELIJ^EEFAFLKKEVVGkpLLKGSLLFTAGPLEEERFGSPAFSGISRLTWLVSLF 180 
LHEEHVELLMEEFEFLRREVLGKELLKGSLRFTASPLEEERFGIFPAFSGISRLTWLVSLF 179 
LHEEHIELLMEEFEFLKREVAGraLLKGSLRFTASPLEEEKFGFPAFSGISRLTWLVSLF 179 
★★★*★.**★★*** ★★.★*****★★. ^ ★***..★* ******** 



Humah^BVR 
Pig_BVR 
Rat_BVR 
Mouse BVR 



GELSLVSATLEERKEDQYMKMTVCLETEKKSPIiSWIEEKGPGLKRNRYLSFHFKSGSLEN 240 
GELSLVSATLEERKEDQYMKMTVCLETEKKSPLSWIEEKGPGLKRNRYLSFHFKSGS^ 240 
GELSLISATLEERKEDQYMKMTVQLETQNKGLLSWIEEKGPGLKRNRYVNFQFTSGSLEE 239 
GELSLISATMENRKEDQYMKMTyQLETQNKS.PLSWIEEKGPGLBa^RHISIHFKSGSLEE 23^ 
*****•***•*• * * ********* ' * * *..*,■ ******* * * * * * * * * : : . : : * . **★**; 



Human_BVR 
Pig_BVR 
Rat_BVR 
Mouse BVR 



VPNVGVNKNIFLKDQNIFVQKLLGQFSEKELAAEKKRILHCLGLAE 296 
VPNVGVNKNIFLKDQNIFVQKLLGQFSEKELAAEKKRILHCLGLAEEIQOT^ 296 
VPSVGVNKNI FLKDiQDI FVQKLLDQVSAEDLAAEKKRIMHCLGIJ^DIQKLCHQKK 2 95 . 
VPNVGVNKNIFLKDQDIFIQKLLGQVSAEDLAAEECKRILHCLEIASDIQRLCHRKQ. 295 
** ************.**.**** * * ..******★*;**.* **,:**,: * ::. 
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Purification and Properties of Biliverdin Reductases 
from Pig Spleen and Rat Liver ^ 

Masato NOGUCHI, Tadashi YOSHmA, and Goro KIKUCHI 

Department of Biochemistry, Tohoku University School 
of Medicine, Sendai, Miyagi 980 

Received for publication, March 14, 1979 



Biliverdin reductase was purified from pig spleen soluble fraction to a purity of more than 
90% as judged by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The enzyme 
was a monomer prbtein with a molecular weight of about 34,000. Its isoelectric point was 
at 6.1-6.2. The enzyme was strictly specific to biliverdin and no other oxidoreductase activities 
could be detected in the purified enzyme preparation. The purified enzyme could utilize 
both NADPH and NADH as electron donors for the reduction of biliverdin. However, 
there were considerable differences in the kinetic properties of the NADPH-dependent and 
the NADH-dependent biliyerdin reductase activities: Km for NADPH was below 5 /iM while 
that for NADH was 1.5-2 mM; the pH optimum of the reaction with NADPH was 8.5 
whereas that of the reaction with NADH was 6.9; Km for biliverdin in the NADPH system 
was 0.3 //M whereas that in the NADH system was 1-2 jsiM. In addition, both the NADPH- 
dependent and NADH-dependent activities were inhibited by excess biliverdin, but this 
inhibition was far more pronounced in the NADPH system than in the NADH system. TXa- 
biliverdin was the most effective substrate among the four biliverdin isomers, and the di- 
methylester of IXa-bUiverdin could not serve as a substrate. Biliverdin reductase was also 
purified about 300-fold from rat liver soluble fraction. The hepatic enzyme was also a 
monomer protein with a molecular weight of 34,000 and showed properties quite similar to 
those of the splenic enzyme as regards the biliverdin reductase reaction. The isoelectric point 
of the hepatic enzyme, however, was about 5.4. It was assumed that NADPH rather than 
NADH is the physiological electron donor in the intracellular reduction of IXer-biliverdln. 
The stimulatory effects of bovine and human smmi albumins on the biliverdin reductase 
reactions were also examined. 



Biliverdin is the final product of physiological heme bilirubin by biliverdin reductase [EC 1.3.1.24], 
degradation in. mammalian tissues; this process is consuming reduced pyridine nucleotides (7). De- 
thought to be catalyzed by the microsomal henie spite the importance of bilivo-din reductase in 
oxygenase (7-5), and biliverdin is then reduced to linear tetrapyrrole metabolism, the niolecular 

^ This work was supported in part by research grants from the Scientific Research Fund (Nos. 348177 and 
238012) of the Ministry of Education, Science and Culture of Japan, and a grant from the Foundation for 
the Promotion of Research on Medicinal Resources, Japan. 
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and catalytic properties of this enzyme have not 
been well elucidated. In 1965 Singleton and 
Laster («) obtained a 15-fold purified preparation 
of biliverdin reductase from guinea pig liver soluble 
fraction and reported that the enzyme was more 
active with NADH than NADPH. However, 
Tenhunen et al (9) reported in 1970 that biliverdm 
reductase partially purified (52-fold) from rat liver 
soluble fraction had an absolute and stoichio- 
metric requirement for NADPH. Subsequently 
Colleran and O'Carra (70. 11) indicated that 
guinea pig liver extracts contained both NADH- 
dependent and NADPH-dependent activities and 
that these activities were diie to a single enzyme 
system capable of utilizing both NADH and 
NADPH. They also found that biliverdin reduc- 
tase was essentially specific to IXa-biliverdin; the 
IX ^- and IX5-isomers were very poor substrates 
and the DCr-isomer did not serve as a substrate. 
DCa-biliverdin reduction was markedly inhibited 
by excess biliverdin. These studies by Colleran 
and O'Carra provided information on the general 
features of the bUiverdin reductase reaction. How- 
ever, to clarify further the nature of biliverdm 
reductase as well as the properties of the reaction 
catalyzed by this enzyme, it is essential to have a 
highly purified preparation of this enzyme. Pre- 
vious eflforts to purify this enzyme have not been 
wholly successful. c 

In the present report, we describe the purifica- 
tion of bUiverdin reductase, as well as the properties 
of the biliverdin reductase reaction catalyzed by 
the purified enzyme preparation. 

MATERIALS AND METHODS 

Materials— ¥rcs)x pig spleens used as a source 
of splenic bilivCTdin reductase were obtained at a 
local slaughterhouse. The hepatic biliverdin reduc- 
tase was prepared from the livers of Wistar rats, 
120-150 g body weight 

Reagents and biochemicals were obtained from 

the following sources: Sephadex G-lOO, Sephadex 
G-200, and QAE-Sephadex, from Pharmacia Fine 
Chemicals, Uppsala; CM-ceUulose (CM-23) and 
DEAE-cellulose (DE.32), from Whatman Bio- 
chemicals, Maidstone; Wakogel B-10, Wakogel 
C-200, human serum albumin, from Wako Pure 
Chemical Industries, Osaka; crystalline bilirubin, 
chlorohemin, bovine serum albumin, FMN, yeast 
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alcohol dehydrogenase, ovalbumin, and horse 
heart myoglobin, from Sigma Chemical Company, 
St. Louis; pig heart malatc dehydrogenase, chymo- 
trypsinogen A, ox liver catalase, and rabbit muscle 
lactate dehydrogenase, from Boehringer Mann- 
heim-Yamanouchi, Tokyo; pjnridine nucleotides, 
from Oriental Yeast Company, Tokyo; FAD, 

from Wakamoto Pharmaceutical Company, Tokyo; 

Ampholine, from LKB Produkter, Bronama. 

Other reagents were also obtained commercially. 

Hydroxyapatite was prepared according to the 

method described by Bernardi {12), 

DCa-biliverdin was prepared by the oxidation 

of crystaUine bilirubin with ferric chloride in boil- 
ing glacial acetic acid essentially iaccording to the 
method d^cribed by Lemberg (/5), and pure 
biliverdin-DCa was isolated from the mixture of 
oxidation products of bilirubin by silica gel colunm 
chromatography, instead of by crystallization. 
Namely, the amorphous powder of CTude biliverdin 
obtained from 0.5 g of crystalline IXa-bilirubin 
by the procedures described by Lemberg was 
divided into two equal portions. Each portion 
was suspended in a smaU volume of pyridine (about 
10 ml) and applied to a silica gel colunm (3.6 X 27 
cm) (Wakogel C-200) in chlorofornt-acetic acid 
(97 :3). On elution with the same solution, a 
small amount of bilirubin that remained unoxidized 
was eluted first, then unidentified brown and 
reddish purple pigments were eluted successively. 
When these pigments were completely eluted from 
the column, IXa-biliverdin (clear dark green color) 
was eluted with a sUghtly more polar cluant (chloro- 
form-methanol-acetic acid, 92 : 5 : 3). Further 
elution with more polar eluants (chloroform:- 
methanol-acetic acid, 77 : 20 : 3 and methanol- 
acetic acid. 97 : 3) yielded other unidentified 
greenish-brown and brown pigments. Of the 
fractions eluted with the second eluant, those 
which gave only one spot on analytical thin layer 
chromatography were collected. The analytical 
thin layer chromatography was carried out on 
20x 5 cm plates precoated with 0.25 nun layers of 
Wakogel B-10 activated at 150**C for 3 h. The 
pure biliverdin obtained above gave a single spot 
with an Rf value of 0.25-0.27 when developed 
with chloroform-methyl alcohol-acetic acid (94 : 

5 : 1). ■ ^ 

The biliverdin preparations obtained from the 

two silica gel colunms were combined and the 
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I at 30-40**C. The pigment was redissolved in 1% gcnase (150,000), pig heart malate dehydrogenase 

I NaOH and precipitated by adding 1 % acetic acid. (67,000), ovalbumin (45,000), and chymotryp- 

I The precipitate was collected by centrifugation, sinogen A (25,000). Electrophoresis on SDS- 

I washed several times with distilled water to remove polyacrylamide gel was performed as described by , 

I salts, then freeze-dried. The biliverdin powder Weber and Osborn (7^). Calibration proteins arid 

I obtained was stored 4°C in the dark. From their molecular weights were: catalase (58,000), 

I 0.5 g of crystalline bilirubin, 30-50 mg of pure ovalbumin (45,000), lactate dehydrogenase (36,000), 

I IXa-biliverdin was usually obtained. chymotrypsinogen A (25,000), and horse heart 

I The purity of biliverdin prepared by this myoglobin (17,200). To assess the purity of the 

^ I method was confirmed in various systems of ana- biliverdin reductase preparation, the gel was 

I lytical thin layer chromatography (7-^75) and from stained with Coomassie blue and the relative 

1 I the absorption spectrum, using crystalline IXcr^ optical densities of the protein bands on the gel 

I biliverdin (kindly provided by Dr. McDonagh) were measured with a Hitachi gel scanner, recording 

e I and its dimethyl ester as standards. The pure the difference in absorbances at 550 nm and 400 nm. 

e I biliverdin preparation showed two absorption Determination of Protein — ^Protein was deter- 

>f I maxima at 384 nm and 670 nm with millimolar mined by the method of Lowry et aL (79), using 

n I extinction coefficients of 49.0 and 15.0, respectively, bovine serum albumin as a standard. 

J, I in potassium phosphate buffer (pH 7.4) (c/ Fig. 7). Assay of Biliverdin Reductase Activity — The 

IQ I For daily use, 2-3 mg of the purified biliverdin reaction was conducted in a cuvette placed in a 

in I was dissolved in about 0.3 ml of 0.1 n KOH and constant temperature chamber at 37°C attached to 

I diluted with 0.1 M potassium phosphate buffer a Hitachi 200*20 double-beam spectrophotometer, 

yfx I (pH 7.4) to approximatdy 0.2 mM. The precise and the enzymic conversion of biliverdin to bilir 

I concentration of biliverdin in the solution was rubin was monitored in terms of the increase in 

27 I estimated on the basis of the absorbance at 670 nm. absprbance at 468 nm. The standard assay mix* 

I Four biliverdin isomers were prepared from ture contained, in a finad volume of 2 ml, 0.1 m 

a I the products (verdohemochrome) of the coupled potassium phosphate buffer (pH7.4), IQ piM IXa- 

ed I oxidation of pyridine hemin with ascorbic acid as biliverdin, 1 mg/ml bovine serum albumin, 100 fiu 

nd I the dimethyl esters, according to the procedure of NAPPH (or 2mM NADH), and an appropriate 

ly. I. Bonnet and McDonagh X^4). Each isomer was amount of the enzyme preparation. The con- 

jm I further purified by thin layer chromatography centration of NADH used in the standard assay 

or) I according to the methods of 0*Carra and Colleran system was lower than the saturating concentration 

ro- I (75). The dimethyl ester of each isomer was {Km for NADH was 1.5-2.0 mM, as described 

Ytet I converted to the free acid by incubation with 1 % later), but the NADH-dependent biliverdin reduc- 

nv- I KOH at 37°C for 2h in the dark. The mixture tase activity could be adequately detected at this 

ol- I was then neutralized with acetic acid and the acid NADH concentration. Reduced pyridine nucle- 

ged I form of biliverdin was extracted with chloroform, otide was omitted in the refemce cuvette. The 

the I Chloroform was evaporated off and the pigment reaction was started by the addition of reduced 

lose I was dissolved in 0.1 n KOH, then diluted with pyridine nucleotide, after preincubation for 5min 

xyec I 0.1 M potassium phosphate buffer (pH 7.4) as at 37''C. Formation of bilirubin was calculated by 

:ical I described above. assuming that the difference in the millimolar 

on I Estimation of Molecular Weight by Gel Filtra- extinction coefficients of bilirubin and biliverdin 

5 of .1 by Sodium Dodecyl Sulfate (SDS)-Poly- at 468 nm is 46.0: the millimolar extinction coeffi- 

Xhc I acrylamide Gel Electrophoresis — ^Estimation of the cients of bilirubin and biliverdin at 468 nm were 

spot I molecular* weight of biliverdin reductase by gel 52.0 and 6.0, respectively, under the experimental 

>ped I filtration was performed according to the method conditions employed. 

(94 : I Andrews (77) with a column (2.5x100 cm) of As shown in Fig. 1, however, the time course 

I . Sephadex G-200 previously equilibrated with 50 of the NADPH-dependent reaction displayed a 

1 the I mM potassium phosphate buffi^ (pH 7.4) and sigmoidal curve, whereas the reaction with NADH* 

. . the I calibrated with the following proteins (molecular did not. This was true for the reactions with 
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either the pig spleen enzyme or therat e^me^ 
Therefore to express the enzyme activity, w 

one unit of biliverdin reductase as the 
am^nt Tt^TXrr^^ which catalyzed the reduc- 
tion of half of Xnol of biliverdin in one mm 
the standard assay conditions; smce the 
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concentration of biliverdin in the standard reaction 
"ru^e was 10;.M. the enzyme units correspond 
m the reciprocals of the time in minutes req.un:ed to 
obiranW of absorbance of 0.23 at 468 nm. 

as indicated by the dashed hnes m Fig. 1. The 
L^^e units Aus defined were linearly propor- 
Sto the amounts of e^epro^m used xn 
both the NADPH-dependent and NADH^e^nd 
ent reactions, as shown in the mset n F.g. 1_ 
S«rfoi^ this measure was employed in most of 
SrSp^ients in the present study, although 
ot^er measures were also employed so- -P^"'. 
ments for convenience, as mdicated m the ap 
propriate tables and figures. „w«meter 
A Hitachi 323 recording spectrophotometer 
was used in some expraiments. 



Time (min) 



K» 1 Time courses of the KADPH-dependent and 
^klZli^^ biliverdin reductase reactions under 
NADH-nepenoc ..^ ^^e reaction mixmre. 

rss — »» sstris 

^ ot -^7»r and the reaction was started by adamg 
N^PH iSl lOO /'M) or NADH (final 2 ^ r.. 
S^fof absorbance at 468 nm was r-orde<i. /n.e^- 
i?^lationship between the activity units and the 
The reiauonsnip NADPH-dependent reacUon; 

amount of enzyme. NAUr** «»P«>" L 
O, NADH-dependent reaction. 

detail in the text. 



RESULTS 

Purification of BUiyerdin Reductase from Pig 
SpleenJr^ pig splc«is (l^kg) 
enized in 0.02 m potassium phosphate buff« (pH 
^Tinraining 0.134 M KO with a Waring blender 
lo^g^ a 20% homog^te. The homogenate wa. 
Sntrifuged succesively at 8.000 x g for 15 min and 
^56.0(^X9 for 2h. and the supernatant obumed 
tas^sed as the starting extract. The results of a 
typical purification experiment are shown m Table 



Biliverdin reductase activity 



Fraction 



Total 
protein 
(m^ 



With NADPH (ICQ A.M) With NADH (2 mM) 



Specific 
activity 
(unit/mg) 



Total 
activity 
(unit) 



- Specific 
activity 
(unit/xiag); 



Total 
activity 
(unit) 



Ratio of 
activities 
measured 
with NADH 
and with 
NADPH 



56,000 X g supernatant 
Solid ammonium sulfate 

(35-70%) 
CM-cellulose 
1st Hydroxyapatite 
1st Scphadex G-lOO 
DEAE-cellulose 
2nd Hydroxyapatite 
. Electrofocusing 
2nd Scphadex G-lOO 
3rd Scphadex G-lOO 



66,300 

27,600 

20.700 
8,770 
876 
76.6 
41.0 



2.54 
0.900 



0.0349 

0. 107 

0. 104 
0.240 
1.06 
8.86 
12.4 

23.0 
24.0 



2,310 

2,950 

2,150 
2,100 
929 
679 
508 
150 



58.4 
21.6 



0.298 

0.646 

0.606 
1.46 
7. 19 

61.6 

86:1 



161 
160 



19,700 

17,800 

12.500 
12, 800 
6, 300 
4,720 
3. 530 
1,050 
409 
144 



8.5 

6.0 

5.8 

6.1 

6.8 

7.0 

7.0 

7.0 

7.0 

6.7 
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Ammonium sulfate fractionation: The 56,000 
X g sui>ernatant was fractionated with solid ammo- 
nium sulfate between 0.35 and 0.7 saturations and 
the precipitate obtained was suspended in 1 mM 
potassium phosphate buffer (pH 6.5) then dialyzed 
against 100 volumes of the same buffer for 6 h 
(solid ammonium sulfate fraction). 

CM'Celiulose column chromatography: The 
solid ammonium sulfate fraction (about 500 ml) 
was passed through a column of CM-celluIose 
(5x30 cm) previously equilibrated with 1 mM 
potassium phosphate buffer (pH 6.5). In this 
procedure ahnost all of the hemoglobin was re- 
tained on the column, whereas biliverdin reductase 
was not adsorbed. The column was washed with 
the same buffer until no further biliverdin reductase 
activity emerged, and the washings were combined 
with the flow-through (CM-cellulose fraction). 

J St hydroxyapatite column chromatography: 
The CM-ceilulose fraction was diluted with potas- 
sium phosphate buffer (pH 7.4) to reduce the 
protein concentration to about 5 mg/ml, then the 
solution was divided into five equal portions and 
applied separately to five hydroxyapatite columns 
(5x10 cm) equilibrated with 10 mM potassium 
. phosphate buffer (pH 7.4). Each column was 
washed with 100 ml of the same buffer, and bili- 
verdin reductase was eluted with 70 mM potassium 
phosphate buffer (pH 7.4). The five eluates were 
combined (1st hydroxyapatite fraction, about 800 
ml). 

1st Sephadex G-lOO gel filtration : Proteins in 
the 1st hydroxyapatite fraction were precipitated 
by the addition of solid ammonium sulfate (0.8 
saturation), then taken up in a small volume of 
20 mM potassium phosphate buffer (pH 7.4) and 
dialyzed against 100 volumes of the same buffer 
for 6 h. The dialyzed solution (about 120 ml) was 
divided into four equal portions and each portion 
was applied separately to a Sephadex G-lOO 
column (5x100 cm) equilibrated with 20 mM 
potassium phosphate buffer (pH 7.4). Elution was 
performed with the same buffer and the active 
fractions from the four, columns were pooled (1st 
Sephadex G-lOO fraction). 

DEAE-cellulose column chromatography: The 
1st Sephadex G-lOO fraction was applied to a . 
column of DEAE-cellulpse (2.5 x45 cm) equili- 
brated with 20 mM potassium phosphate buffer (pH 
7.4). Elution was performed with 200 ml of the 
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same buffer, followed by a linear gradient formed 
from 500 mi of the starting buffer and 500 ml of 
250 mM potassium phosphate buffer (pH 7.4). The 
enzyme activity emerged in the early portion of 
the gradient and the active fractions were combined 
(DEAE-cellulose fraction). 

2nd hydroxyapatite column chrorrmtography : 
The DEAE-cellulose fraction was diluted with dis- 
tilled water to reduce the buffer concentration to 
10 mM, then applied to a column of hydroxyapatite 
(2.5x10 cm) previously equilibrated with 10 mM 
potassium phosphate buffer (pH7.4). Proteins 
were eluted from the column first with 100 ml of 
the same buffer, then with a linear gradient formed 
from 200 ml of the starting buffer and 200 ml of 
150 mM potassium phosphate buffer (pH 7.4). The 
enzyme-active fractions were, combined (2nd 
hydroxyapatite fraction). 

Preparative electrofocusing : The 2nd hy- 
droxyapatite fraction was concentrated to about 
15 ml by ultrafiltration and subjected to prepara- 
tive electrofocusing in the pH range of 5 to 7, 
using an LKB electrofocusing column of 110 ml 
capacity operated according to the manufacture's 
instrucdons. After running at 600 volts for 45 h, 
the content of the column was pumped out at a 
rate of 2 ml per min and fractions of 2.3 ml were 
collected. The fractions between pH 5.9 and 6.5 
were combined (electrofocusing fraction). The 
isoelectric point of biliverdin reductase from pig 
spleen was estimated to be 6.1-6.2. - 

2nd Sephadex G-lOO gel filtration: The 
electrofocusing fraction was applied to a column 
of Sephadex G-lOO (5 x 100 cm) equilibrated with 
20 mM potassium phosphate buffer (pH7.4) and 
proteins were eluted with the same buffer. The 
active fractions were combined (2nd Sephad« 
G-lOO fraction). 

3rd Sephadex G-lOO fraction: The 2nd Se- 
phadex G-lOO fraction was concentrated to about 
5 ml by ultrafiltration and was further fractionated 
on a column of Sephadex G-lOO (2.5x100 cm), 
using 50 mM potassium phosphate buffer (pH 7.4). 
The active fractions were pooled (3rd Sephadex 
G-lOO fraction). 

The purified enzyme preparation in 50 mM 
potassium phosphate buffer (pH7.4) could be 
stored at — 20**C for several months without loss 
of activity. 

It should be noted (Table I) that biliverdin 
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reductase was active with both NADH and 
NADPH, and the ratio of the activities with NADH 
and NADPH remained nearly constant throughout 
the purification procedure; in all instances the 
activities obtained with NADH were about 7 times 
higher than those obtained with NADPH under 
the assay conditions employed. 

Molecular Properties of the Splenic Biliverdin 
Reductase— The purified biliverdin reductase prep- 
aration finally obtained gave a distinct major 
protein band when subjected to SDS-polyacryl- 
amide gel electrophoresis (Fig. 2), and its molecular 
weight was estimated to be about 34,000. In 
addition to the major band, one or two faint bands 
were occasionally seen on the gel: the apparent 
molecular weights of these additional proteins were 
in the range of 50,000 to 70,000 and their relative 
densities varied from preparation to preparation. 
The major protein detected on the SDS-polyacryl- 
amide gel usuaUy constituted 90% or more of the 
total protein loadesd as determined with a gel 
scanner. The purified biliverdin reductase prepa- 
ration also gave a molecular weight of 34,000 as 
estimated by gel filtration on a Sephadex G-200 
column (data not shown). Therefore, we conclude 
that bihverdin reductase from pig spleen is a 
monomer protein with an apparent molecular 
weight of 34,000. / 




Fig. 2, Estimation of the molecular weight of the 
purified splenic biliverdin reductase by SDS-poly- 
ao^damide gel electrophoresis. The purified biliverdin 
reductase preparation (about 6 fi% protein) was loaded 
onto a 7.5% polyacrylamide gel (0.6x7 cm) containing 
0.1 % SDS. Coomassie blue was employed as thie track- 
ing dye. The marker proteins (indicated by arrows in 
the figure) were, from left to right: catalase (CAT); 
ovalbumin (OA); lactate dehydrogenase (LDH); chymo- 
trypsinogen A (CHT); myoglobin (Mb). 
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The purified bUiverdin reductase from pig 
spleen did not appear to contain any cofactor as 
judged from the absorption spectrum in the visible 
region, although this conclusion is not definitive, 
since the enzyme solutions iavailable for spectro- 
photometric study were of relatively low concen- 
tration (about 50 A'g/ml). The addition of FAD 
or FMN was rather inhibitory to the biliverdin 
reductase reaction. 

Specificity of Splenic Biliverdin Reductase and 
Effects of Various Compounds on the Enzyme 
Actiyity—TYv& purified splenic biliverdin reductase 
preparation did not exhibit any other pyridine 
nucleotide-dependent activity such as glucose 
dehydrogenase, alcohol dehydrogenase, aldehyde 
dehydrogenase, glutathione reductase or DT- 
diaphorase, when tested under appropriate assay 
conditions (data not shown). The biliverdin reduc- 
tase activity was susceptible to thiol reagents; in 
these experiments, reaction mixtures containing 
6 jwg protein of the purified enzyme were treated 
with various thiol reagents and preincubated for 
5 min at 37**C, then the reactions were started by 
the addition of NADPH. The activity was com- 
pletely inhibited by 25 yaMp-chloromercuribenzoate, 
whereas the inhibition by this reagent at 1 /iM was 
only 15%. The activity was also inhibited by 
about 30% by 0.5 mM or 1.0 mM iV-ethylmaleimide. 
The inhibition by 1 mM iodoacetamide or 1 mM 
arsenobenzoate, however, was less than 10%. 
The reaction was not affected by EDTA or other 
chelating agents. 

Kinetic Properties of the Splenic Biliverdm 
Reductase Reaction— AXihou^ the purified bili- 
verdin reductase was active with both NADH and 
NADPH, there were considerable differences 
between Jhe kinetic properties of the reactions with 
NADH and NADPH. 

pH optimum: The pH optimum of the 
reaction with NADH was 6.9, whereas that with 
NADPH was 8.5 (Fig. 3). In the following ex- 
periments, however, reactions wctc carried out at 
pH 7.4 unless otherwise stated. 

Inhibition by excess biliverdin: The reactions 
with NADH and NADPH were inhibited by excess 
biliverdin and, as shown in Fig. 4, the inhibition 
was apparently independent of the concentration 
of NADPH or NADH. However, the reaction 
with NADPH was far more susceptible to excess 
biliverdin than the reaction with NADH; for 
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Fig. 3. The pH-activity relationships of the biliverdin reductase reactions. 
The reaction mixtures contained, in a final volume of 2 ml, 1.8 /ig protein of 
purified splenic biliverdin reductase, IO/im biliverdin, I mg/ml. bovine serum 
albumin, 0.1 niM NADPH (or 2mM NADH), and 100 mM potassium phosphate 
buffer in a or 100 mM Tris-HCl buffer in b. The actual pH of each assay mixture 
was determined at SV'^C after the reaction. Other conditions were the same as 
the. standard assay conditions.. 0, NADPH-dependent reaction; NADH- 
dependent reaction. 



instance, the reaction with NADPH was markedly 
inhibited when the reaction was carried out with 
10 (iiA biliverdin, while 10 biliverdin did not 
appear to inhibit the reaction with NADH ap- 
preciably. The data in Fig. 4 could well account 
for the observation (Fig. 1) that the time course 
of the reaction with NADPH was sigmoidal, 
whereas the reaction with NADH was not under 
the standard assay conditions with 10 ;iM biliverdin 
as a substrate. 

Ka. values for reduced pyridine nucleotides and 
biliverdin: The values vvere determined at 
lower biliverdin concentrations to avoid possible 
substrate inhibition, and using relatively small 
amounts of the enzyme to ensure that the reaction 
was linear at least for the initial 0.5 to 1 min. 
Figure 5 shows double-reciprocal plots of the 
concentration of reduced pyridine . nucleotides 
against the initial velocities. The plots obtained in 
the NADH system or the NADPH system at fixed 
concentrations of biliverdin as indicated in the 
figure crossed the axis to the left of the ordinate. 
This indicates that the biliverdin reductase reaction 
occurs by a sequential mechanism (20). From the 
data in Fig. 5, the Kja values were calculated 
according to Cieland (20); in the reaction with 
NADPH, km for biliverdin was 0.3-O.S /im and 
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ZO' 30 50 

Biliverdin (}jM) 

Fig- 4. Inhibition of biliverdin reductase by excess 
biliverdin. Each reaction mixture contained, in a final 
volume. of 2m], lOOmM potassium phosphate buffer 
(pH 7.4), 1 mg/ml bovine serum albimiin, and Z.l ftg 
protein of purified splenic biliverdin reductase. — , 
With 100 NADPH; — , with 10 fiM NADPH; 
_0— , with S mMNADH;— O— . with 2 niM NADH. 
Other condidons were as described in MATERIALS 
AND METHODS." 
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^ romnetitive inhibition of NADH^ependent biliverdin reductase 
Fig. 6. Compeuuve 'j*'^' ^ contained, in a final volume of 2 nd. 

reaction by NADPH. ^he assay mix ^ buiverdin. 1 mg/ml bovine 

lOO mMpotas^umphospha^^^ and the 

serum albumm, 2 m P~'!*"^°VJr" both NADH and NADPH. O. With 
indicated concentrauons of NADH or botn piawxx im 

S/Sii alone; •. with the indicated concentrations of NADH phu 100 a.m 
NADPH. 



that for NADPH was about I while m the 
reaction with NADH. for biliverdin was 1-2 
PM and that for NADH was 1.5-2 mM. It was 
found that the maximum velocity of the reaction 
with NADH was about twice that of the reaction 
with NADPH at pH 7.4. 



It should be noted that the X„ value for 
NADPH te far smaller than that for NADH. 
Preference for NADPH in the bUivcrdin reductase 
reaction was confirmed by the experiments shown 
in Fig 6 When NADH alone was employed as 
a reductant. the rate of reduction of biliverdm 
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increased with further addition of NADH, but 
when the reaction mixtures were supplemented 
with 100 NADPH, which appeared to be 
sufficient to give maximum activity in the NADPH- 
dependent reaction,, the rates in the reaction 
systems containing both NADH and NADPH did 
not increase beyond the level which could be 
reached by employing NADPH alone; in other 
words, the observed increase in the rate of the 
reaction with NADH alone was suppressed almost 
completely by 100 NADPH, indicating that 
NADPH was preferentially utilized for the reduc- 
tion of biliverdin under these reaction conditions. 
These data are consistent with the view that 
NADPH and NADH compete for the same binding 
site of a single enzyme protein. We have also 
observed in an independent experiment that reduc- 
tion of biliverdin in the reaction system with 2 mM 
NADH was inhibited almost completely by the 
addition of as little as 5-20 //m NADP+, whereas 
the extent of the inhibition by 2 mM NAD+ was 
about 65%. On the other hand, the reduction of 
biliverdin in the reaction system with 100 fxM 
NADPH was hardly affected by 2mM NAD+, 
while the reduction was inhibited by about 85 % 



by the addition of 1 mM NADP+. These observa- 
tions also indicate that biliverdin reductase utilizes 
NADP-type pyridine nucleotides in preference to 
NAD-type pyridine nucleotides. 

Stoichiometry of Biliverdin Reduction— In bili- 
verdin reduction catalyzed by biliverdin reductase, 
1 moi of reduced pyridine nucleotide was ap- 
parently consumed per mol of biliverdin reduced 
or per mol of bilirubin formed in both the NADPH 
and NADH systems, as shown in Table n. 

Comparison of the Effectiveness of Four Bili- 
verdin Isomers as Substrates — Four biliverdin iso- 
mers, i,e,, the IXa-, IXyS-, IXr-, and DC5-isomers, 
prepared according to Bonnet and McDonagh (i^), 
were subjected to enzymic reduction with highly 
purified splenic biliverdin reductase. Since there 
is no reliable means to determine accurately the 
concentrations of the isomm other than IXa- 
biliverdin, the concentrations of the other isomers 
were estimated from the absorption at 650-670 nm, 
assuming that the three isomers have the same 
millimolar extinction coefficients at 650-670 nm 
as IXa-biliverdin at 670 nm, namely 15,0. Figure 
7 shows the absorption spectra of the four bili- 
verdin isomers used as sutetrates. The spectra of 
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TABLE U. Stoichiometry in the biliverdin reductase reaction. The assay mixture (final, 2 ml) contained 0.1 m 
potassium phosphate buffer (pH 7.4), 13 biliverdin, 1 mg/ml bovine serum albumin, 100 //M NAD(P)H, and 
1.5 /ig protein of purified splenic biliverdin reductase. Biliverdin was omitted in the control. The rjeaction was 
started by adding biliverdin after preincubation for 5 min at 37**G. At the indicated times, the difference spectra in 
the whole range of 340-700 nm were recorded. The amounts of bilirubin formed were determined as described in 
the text. The amounts of bfliverdin lost were calculated from the decrease in absorbance at 670 nm, assuming the 
miUimolar extinction coefficient for the decrement at 670 nm to be 13.0, since bilirubin also absorbed at 670 nm 
giving a millimolar extinction coefficient of 2.0. The amounts of NAD(P)H consumed were calculated from the 
d ecreas e in the absorbance at 340 nm, employing a millimolar extinction coefficient of 23.2 instead of 6.2 for the 
decrement at 340 nm, since the millimolar exdnction coefficients of biUverdin and bilirubin at 340 nm were 25 0 and 
8.0, respectively. 



Reaction time 
(min) 


Bilirubin formed 
(nmol) 


Biliverdin lost 
(nmol) 


NAD(P)H consumed 
(nmol) 


Reaction with NADPH 








20 


6.74 


6.54 


6.21 


40 


14.00 


13.15: 


13.53 


60 


23.04 


20.24 


22.16 


Reaction with NADH 








20 


2.22 


2.88 


2.47 


40 


5.30 


5.65 


5. 06 


60 


8. 00 


8.11 


8.53 
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Fig 7 The absorption spectra of the four biliverdin isomers in assay fliixtures 
for'the biliverdin reduction but without pyridine nucleotides. ^^^^JJ^l^ 
contained, in 1.9ml, 200 A/moi of potassium phosphate buffer (pH7,4). 2mg 
of bovine serum albumin. 14 ,ig of purified splenic biliverdm reductase and 

approximately lOnmol of IX« (— ). VCP (— IXr (- or 1X3- 

biliverdin (• ). . 



o-3r 




450 

Wavelength (nm) 

Fig 8. The absorption spectra of the reaction products extracted into 3 ml of 
butknol from the reaction mixtures after corhpletion of the reaction- The com- 
positions of the reaction mixtures are given in the le^d to Fig. 9. The reactions 
were started by the addition of 0.1 ml of NADPH (final, 100 jum). — DCa- 
isomcr; , IXiS-isomer ; — — . IXr-isomer ; • DC^-isomer. 



the products of the reactions with the four isomers, 
which were extracted in butanol after completion 
of the reactions, are compared in Fig. 8. The 
spectral iiroperties of the isomers shown* in Figs. 7 



and 8 are quite similar to thoise described by 
Blanckeart et al. (16). In the reaction with the 
a-isomer of biliverdin, two clear isbsbestic points 
were observed at 408 nm and 525 nm; with the 
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^-isomer, they were at 398 nm and 518 nm; with 
the ^--isomer, they were at 388 nm and 492 nm; 
and with the 3-isomer, they were at 395 nm and 
512 nm. Figure 9 shows the rates of reduction 




Reaction tinne Imin) 
Fig. 9. Comparison of the reduction rates of the 
four biliverdin isomers. The assay mixture contained, 
in a final volume of 2 ml, 100 mM potassium phosphate 
buffer (pH 7.4), 1 mg/ml bovine serum albumin, 14 ii% 
protein of purified splenic biliverdin reductase, and 
one of the four biliverdin isomers (indicated by a, ^, 
r, and b in the figure). The final concentration of 
each biliverdin isonier was 5 ;im. 




'O lO 20 30 40 50 60 



IX-j Biliverdin (pIM) 
Fig. 10, Kinetics of reduction of DC J biliverdin. 
Reaction mixtures contained, in a final volume of 2 ml, 
100 mM potassium phosphate buffer (pH 7.4), 1 mg/ml . 
bovine serum albumin, 14jug of purified splenic bili- 
verdin reductase, and the indicated concentrations of 
DC J biliverdin i The reaction was started by the addi- 
tion of NADPH (final 100 ;im). Inset\ double-re- 
dprocai plot 
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of the four biliverdin isomers in the NADPH- 
dependeint reactions. Although the rates of reduc- 
tion of the T*-, and 5-isomers were extremely 
low as compared with that of the a-isomer, the 
initial rates were exactly proportional to the enzyme 
amounts used (data not shown). Taking the 
initial rate of reduction of the a-isomer as 100%, 
the relative initial rates of reduction of the j^* 
and 5-isomers were 4%, 2%, and 7%, respectively. 
The observed low rates of reduction of the un- 
physiological isomers are probably due to low 
affinities of these isomers for biliverdin reductase. 
In fact, as shown in Fig. 10, the half-saturation 
concentration of DCd-biliverdin (apparent J^m 
value) were about 30 pM, which is more than 60 
times that for DCa-biliverdin (0.3-0.5 /<m) in the 
NADPH-dependent reaction. The double recip- 
rocal plot of the data, however, was not linear, 
but was convex downwards, suggesting the occur- 
rence of mild substrate inhibition for the reaction 
with the ^-isomer of biliverdin. It should also be 
noted that the maximum velocity of reduction of 
the ^-isomer, as estimated by extrapolation of the 
linear part of the double reciprocal plot, was 
apparently the same as the maximimi velocity of 
reduction of the dr-isomer under comparable ex- 
perimental conditions, except for the biliverdin 
concentration. 

Effects of Bovine and Human Serum Albumins. 
— ^Previous investigators (8, 9) had noticed that 
bovine serum albumin and human serum albumin 
enhanced the biliverdin reductase reaction. How- 
ever, the relationships between albumin concen- 
tration and the extent of the stimulation reported 
for bovine serum albumin (8) and human serum 
ialbumin (9) were considerably different, so the 
ways in which these albumins exert their stimulative 
effects appear to be different. We th^efore 
examined the effects of human serum albumin and 
bovine serum albumin on the reaction, employing 
the purified biliverdin reductase. Figure 11 shows 
the effects of increasing concentrations of albumins 
on the rate of reduction of biliverdin. In these 
experiments 10 /iM biliverdin was used, as usual. 
Bovine serum albumin stimulated the reactions 
with both NADPH and NADH, although the 
degree of stimulation was considoably greater in 
the reaction with NADH. Human serimfi albumin 
also stimulated both reactions, biit excess human 
serum albimiin was rather inhibitory to both 
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Albumin tmg /ml) 
,1 Effects Of bovine serum albumin (BSA) smd 
Fig. 11- ' . ^sA-* on the biliverdin reductase 

b-^-^tn^S^ the reaction 

reaction. In this sencs t- aisaopcarance of 

- measured m ter^ of J^^-^ 

^"'^ rbmmbS inconsiderably different accord- 
spectrum of b^'^ ^.^^ ^jb„„,n or not. The 
ing to whethCT It IS ooun _ calculated from the 
amount of bihverdin ^JV^ ^..^^g the mil- 
decrease in absorban^ ^'J^TlO nm^ be 13.0 for 
toolar extinction cc«ffi««t ^JOnm ^^.^ ,,^t. 

the decrement °f ''^^!^^Vse™^2bumin. however, 
intheexperimentswt^hmnan^^ ^^^^^^ 

a slight --^^*°^^*i^r^um albumin had a 
cient was made KiUverdin as mentioned 

. slight metachromagic J^^^^f^t^^in^. i„ a final 
n 2 mr'lCmMpoT^- phosphate buffer 

human serum albumin. 

inhibitory to the reaction with ^^T^f J* 
it is possible that albumm »f J^^^^JJ^^J. 
reduce the inhibitory action of 
, - therefore the effects of albumms .^^ d.ff«e^ 

■ u the reaction to approximately the same 
SS'din conLtration tested i^^^^^ 
nS^PH system or the NADH system. In con- 




so 40 

Biliverdin (pM) 
,= XI Effects of addition of bovine and human serum 
Fig. 12. Effects "a reductase reaction at various 
albumms on the biliverdm ^ ^ biliverdin 

biliverdin concentrations. The amounts oi 
Suced were calculated in the same way -s«^ F.g^^^^ 
a The reaction mixture contained, m a ^ 
% 2ml lOOmM pota^ium ^ 
^°°r/sX'^ S^^rSn^^Se/tSe indicated. 

symbols were tbe same^jn «^ ^ 

human serum albuimn CH2>a; wa:* k ^ 
of BSA. 

trast as shown in Fig. 12. fc, human serum album^^ 

re5«ced the extent of the ^^jj^'^^J 
bUiverdin. However, with both ^ADPH and 
nJ^H. the maximum activities obtamed m the 
nr«ence of human serum albumin were similar to 
SST oli^ed without addition of albumin 
U^dtoithiB that the stimulatory effect of human 
"^^Z l^ is far smaller than that of bovine 

"^^'o'S^n^ed stimulatory effect of human 
serum albumin could be accounted for by assum- 
i^^at it binds bUiverdin fairly tightly reducipg 
Z effective concentration of bUiverdm m the 
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reaction mixture. In accord with this view, we 
have observed that the addition of human serum 
albumin to biliverdin solution gave rise to a slight 
metachromagy of biliverdin (batho- and hyper- 
chromic shift of the absorption maximum in the 
ultraviolet region and hyperchromic shift of the 
absorption maximum in the visible region). On 
the other hand, such metachromagy of biliverdin 
was not observable in the presence of bovine 
serum albumin, and this is in accord with the 
observation that bovine serum albumin did not 
significantly alter the pattern of inhibition by 
excess biliverdin. The possibility that bovine 
serum albumin might have stimulated the reaction 
by enhancing the removal of bilirubin as the pro- 
duct from the enzyme surface is also unlikely, since 
we obiserved in an independent Experiment that the 
rdative ratios of inhibition of the biliverdin 
reductase reaction by exogeneously added bilirubin 
w:ere not substantially different whether the reaction 
mixtures contained bovine serum albumin or not 
(data not shown). Bovine serum albumin appears 
to stimulate the activity of biliverdin reductase in 
a rather direct mann^ through an as yet unknown 
mechanism.. 

Purification and Molecular Properties of He- ■ 
patic Biliverdin Reductase — Rat liver biliverdin: 



reductase was purified by a modification of the 
procedures used for the purification of the enzyme 
from pig spleen. The results of a typical experif 
ment are shown in Table III. Pooled rat livers 
(950 g) were homogenized with 4 volumes of 0.02 M 
potassium phosphate buffer (pH7.4) containing 
0,134M KCl. The homogenate was successively 
centrifuged at 8,000 Xg for 15 min and at 77,000 
X g for 90 min, and the supernatant obtained was 
fractionated with solid ammonium stilfate between 
0.35-0.7 saturations. The fractionated proteins 
were subjected successively to chromatographies on 
a CM-cellulose column (CM 32, 5 x30 cm) and 
three separate hydroxyapatite colimins (5x10 cm) 
as described for the purification of the splenic 
enzyme. Hepatic biliverdin reductase, however, 
was not adsorbed on hydroxyapatite columns 
which had been equilibrated with 10 mM potassium 
phosphate buffer, and therefore the flow-through 
firactions and washings were combined (hydroxy- 
apatite fraction, 1,250 ml). The first Sephadex 
G-lOO fraction was obtained as described in the 
previous section, and tihis fraction was loaded onto 
a DEAE-cellulose colunm CDE-32, 2.5x45 cm) 
equilibrated with 10 mM potassium phosphate 
buffer (pH7.4) containing 30 mM KCl. After 
washing the column with 200 ml of the same buffer. 



TABLE m. Summary of the purification of biliverdin reductase from rat liver. The procedures are described in 
detail in the text. About 1 mg of protein was used for the assay of biliverdin reductase activity in the fractions 
from the 77,000 x ^ supernatant to the hydroxyapatite fraction. 



Fraction 



Total 
protein 
(mg) 



77,000x g supernatant 79, 800 

Ammonium sulfate (35-70%) 68, 600 



CM-<:ellulose 
Hydroxyapatite 
1st Sephadex G-lOO 
1st DFAE-celluIose 
2nd DEAE-cellulose 
QA£*Sephadex 
Electrofocusing 
2nd Sephadex G-lOO 



55,700 
34,000 
4, 470 
242 
143 
34 



4.2 



Biliverdin reductase activity 



With NADPH (100 ftM) With NADH (2 mM) 



Specific 
activity 
(unit/mg) 



0. 042 
0. 048 
0.060 
0.076 
0. 391 
2.48 
3.28 
7.12 

8.39 



Total 
activity 
(unit) 



Specific 
activity 
(uniVmig) 



Total 
activity 
(unit) 



Ratio of 
activities 
measured 
with NADH 
and with 
NADPH 



3. 350 
3,290 
3.340 
2,580 
1,750 
600 
468 
244 
81 
35 



0. 183 
0. 250 
0. 302 
0. 412 
2. 12 

15.5 

19. 6 

51.2 

60.4 



14,600 
17,200 
16, 800 
14,000 
9,470 
3,750 
2,800 
1,760 
560 
254 



4. 3 
5.2 
5.0 
5.4 
5.4 
6.2 
6.0 
7.2 
6.9 
7.2 
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biliverdin reductase was eluted with a linear 
^adient formed from 600 ml of the same buff« 
and 600 ml of 10 mM potassium phosphate buffer 
(pH 7.4) containing 90 mM KCl. The niostact.ve 
fractions, which were eluted at about 35-40.inM 
KQ were combined (1st DEAEK»Uulose fraction. 
yjOwi) add diluted 3-fold with distUled water. 
The diluted solution was again charged onto a 
DEA^^Luulose column (DE-32. 2.5^23^ 
equilibrated with 10 mM potassium phosphate 
Sffer (pH.7.4) containing 30 mM KCl. and he 
enzyme was eluted in the same manner as m the 
first DEAE-cellulose column chromatography, 
except that a 500 ml linear gradient was eniployed 
^^ad of 1,200 ml. '''"-^^'^'^f "^^T, 

activity was again eluted at 35-40 mM KCl. The 
!S^d DEAiceUulose fraction (140 ml) was 
dialyzed against 10 mM potassium phosphate buff« 
feHT4) containing 60 mM KCl and the dialyzed 
Slution was adsorbed on a QAE-Sephadex column 
n 5x30 cm) equilibrated with the same buffer, 
After rinsing, protein was eluted with a hn^ 
gradient formed from 150 ml of the "osms buff^ 
and 150 ml of 10 mM potassium phosphate buffer 
Sh7 4) containing 250 mM KCl. The active 
fraction (QAE-Sephadex fraction, IWnd) w^ 
concentrated by membrane filtration to about 15 nJ 
and subjected to preparative electrofocusing (UO 
ml capacity. XKB) in the pH range of 4 to 6 The 
Sdectric point of the hepatic biliverdm reductase 
appeared tcTbe 5.4. The electrofocusing fracUon 
(15 ml) was further fractionated on a column of 
Seohadex G-lOO (2.5x100 cm), using 50 mM 
phosphate buffer (pH 7.4) as an e^uant. 

In the experiment shown in Table IH, tiie 
purification was about 300-fold with an activity 
recovery of about 1.5%. The enzyme preparation 
finally obtained showed a distinct protein^band 
with a molecular weight of 34.000 on SDS-gel 
electrophoresis, but there were also several minor 
protein bands on the gel. Further purification was 
unsuccessful due to instabUity of the enzyme. The 
purified enzyme preparation had a molecular 
weight of 34.000 as estimated by gel filtration on a 
Seohadex 0-200 column (2.5x100 cm) (data not 
'shown). Tho hepatic biliverdin reductase a^so 
appears to be a monomer protein with a molecular 

weight of 34.000. The purified hepatic enzyme 
could be stored at -20»C for several months 
without appredable loss of activity. 
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It should be noted in Table HI that, although 
the NADPH- and NADH-dcpendent bilivCTdin 
reductase activities were both purified concomi- 
tandy throughout the overall purification proce- 
dure, the extents of purification of the activities at 
individual steps were not always the same. Also, 
the ratio of the NADH-dependent and NADPH- 
dependent activities gradually changed from 4 3 
to about 7 as the purification proceeded. The 
activity ratio of 7 is the same as that observed for 
the purified or the crude splenic enzyme. To 
investigate the possibiUty that the rat liver extract, 
but not the pig spleen extract, may contam some 
proteins which readUy bind bBivcrdin. we added 
IX«-biliverdin to a 77.000 xg supernatant of the 
liver homogenate and fractionated it directly on a 
Sephadex G-lOO column. It was found that most 
of the pigment added was eluted at the void volume, 
while smaU portions were also eluted over all the 
fractions up to the bed volume. We took the void 
volume fraction from another 77,000 xg supCT- 
natant to which bUiverdin had not been added, 
and cscanrined the effect of addition of this fraction 
on the NADH-dependent and NADPH-dependent 
activities of the purified biliverdin reductase. As 
shown in Fig. 13. the NADH-dependent activity 
decreased progressively with addition of the void 
volume fraction, whereas this fraction did not 
affect the NADPH-dependent activity under the 




Binding protein added (mg) 
Fig 13. Effect of biUvcrdin-binding protein(s) on the 
bibwrdin reductase activity. Reaction mixtures con- 
tained, in a final volume of 2 ml. 100 mM potassium 
phosphate buffer (pH 7.4). 10 a«m IX«-biliverdm. 
1 mg/ml bovine serum albumin, the indicated amounts 
of bUiverdin binding protein (the void volume fracuon 
described in the text), and 100 a^m NADPH (•) or 
2niMNADH(0). 
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experimental conditions employed. Apparently 
the enzyme preparations at earlier steps of the 
purification contained a biliverdin-adsorbing pro- 
tein(s) and this acted to decrease the concentration 
of biliverdin available for the reaction. It is 
conceivable that only the NADH-dependent activ- 
ity was affected by such a protein(s) since the 
NADH-dependent activity requires higher con- 
centrations of biliverdin than the NADPH-depend- 
ent activity. 

Catalytic Properties of the Hepatic Biliverdin 
Reductase — The purified hepatic biliverdin reduc- 
tase was found to have catalj^ic properties very 
similar to those of the splenic enzyme. The 
hepatic biliverdin reductase purified from rat liver 
was active with both NADPH and NADH. Km 
for NADPH was 3 fiu and that for NADH was 
1.5-2.0 mM. Essentially the same relation as 
depicted in Fig. 5 was also observed with the 
purified hepatic biliverdin reductase. Km for IXa- 
biliverdin was 0.3 fiM in the NADPH system and 
that in the NADH system was about 3 /<m. These 
values are quite similar to those obtained for the 
reactions with splenic biliverdin reductase. Inhi* 
bition by excess biliverdin was also observable, 
and this inhibition was far more prominent in the 
reaction with NADPH than in that with NADH. 
The hepatic enzyme showed a very high activity 
with IXa*bi!iverdin as compared with the other 
isomers, like the splenic enzjrme. All those ob- 
servations indicate that the hepatic and splenic 
enzymes have essentially similar molecular and 
catalytic properties. 

DISCUSSION 

The present study with purified enz3ane prepara- 
tions from pig spileen and rat liver has shown that 
biliverdin reductase is a monomer protein with an 
apparent molecular weight of 34,000 and that a 
single enzyme is responsible for both the NADPH- 
dependent and NADH-dependent reactions, resolv- 
ing the previous controversy (5, 9) with respect to 
the hydrogen donor in the enzyme-catalyzed reduc- 
tion of biliverdin. 

The soluble fraction of rat liver contained a 
protein(s) which readily binds IXa-biliverdin. It 
• is well known that the soluble liver fraction contains 
organic anion binding proteins such as ligandin 
[21, 22) and Z protein (22, 25), which preferentially 



bind bilirubin, bromsulfophthalein, indocyanine 
green, fatty acids, and others. The biliverdin 
binding protein(s) found in the present study may 
have a larger molecular weight than ligandin (M. W. 
44,000 {24) or Z-protein (M.W. 12,000 (23, 25)) 
since the biliverdin-binding protein was eluted at 
the void volume of a column of Sephadex G-100. 
No attempt was made to further characterize this 
protein. 

It is worth noting that although biliverdin 
reductase was active with both NADH and 
NADPH, there were considerable differences in 
kinetic, properties between the reactions with 
NADH and NADPH. Particularly significant is 
the observation that the inhibition by excess bili- 
verdin was far more marked in the reaction with 
NADPH than with NADH. O'Carra and Colleran 
(I J) also observed similar substrate inhibition and 
interpreted this as being similar to the type of 
abortive complex mechanism known to be respon- 
sible for substrate inhibition in some other pyridine 
nucleotide-linked dehydrogenase — notably lactate 
dehydrogenase (26). Namely, in the biliverdin 
reductase reaction, an inactive ternary complex 
consisting of enzyme, biliverdin and oxidized 
pyridine nucleotide may be readily formed, espe- 
cially in the reaction with NADPH (7i), because 
NADP-type pyridine nucleotides have higher 
. affinity for biliverdin reductase compared with the 
NAD-type ones. 

We confirmed, using the highly purified 
enzymes , from pig spleen and rat liver, tihat bili- 
verdin reductase has a much higher affinity for 
the a-isomer of biliverdin than for the other three 
t3rpes of isomers, and that the enzyme could reduce 
the a-isomer much faster than the other unphy- 
siplogical, isomers. This is important in relation 
to the physiological role of biliverdin reductase, 
since the microsomal heme oxygenase has been 
shown to yield almost exclusively IXa-biliverdin 
(2). Colleran and O^Caira (iO, 11) reported that 
the T'-isomer of biliverdin could not serve as a 
substrate when tested with the crude extract of 
guinea pig liver. With the purified pig spleen 
enzyme, however, we found that the /'-isomer 
could be reduced by. the biliverdin reductase 
system, although the rate of reduction was ex- 
tremely low, as shown in Fig. 9. On the other, 
hand, the dimethylester of IXa*biliverdin was not 
a substrate of the purified biliverdin reductase 
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preparations, (data not shown), in agreement with 
the observation of CoUeran and O'Carra with the 
crude enzyme preparation (iO, 11). Free pro- 
pionate side chain may be an essential requirement 
for biliverdin as a substrate, and the factor deter- 
mining the reactivity of the individual bUiverdin 
isomers may be the position of the propionate side 
chains on the tetrapyrroles. as suggested originally 

bv O'Carra and fcolleran (/i): 

It is well documented that NADP is predom- 
inantly in thereducedformin thecytoplasm. whCT|as 
NAD is predominantly in the oxidized form (27). 
The approximate concentrations of pyridine nude- 
otides in the liver cytosol fraction have been 
reported to be as foUows: 0.12 mM for NADPH. 
0 035mM for NADP*. 0.07 mM for NADH. and- 
aSmM for NAD* {28). Taking 
these values as well as the values for NADH 
and NADPH in the bUiverdm reductase reaction, 
it appears that the enzyme-catalyzed conversion of 
biUverdin to bilirubin in animal tissues under 
physiological conditions may depend almost en- 
tirely on NADPH. 

We thank Dr. A.F. McDonagh, Department of Medi- 
cine. University of California School of Medicine. San 
Francisco, for providihg crystalline IXa-bUivcrdin. 
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Introduction 

Biliverdin reductase is an NAD(P)-iinked 
monomeric oxidoreductase which catalyses the re- 
duction of biUverdin to produce the bile pigment, 
biUrubin. The enzyme is believed to have a func 
tion clearing biUverdin from the foetus [1] and 
recently the product bilirubin has been suggested 
to play a role as an antioxidant [2,3]. In most 
species the enzyme exists as a monomer of M, 
34000 (4-6]; however, the guinea pig and hamster 
enzymes have Af, values that are approximately 
twice this value [7,8]. BiUverdin reductase is sub- 
ject to potent substrate inhibition by biUverdin 
[9,6) although this effect is probably modulated in 
vivo by intracellular binding proteins [10]. There 
has been no detailed study of the reaction mecha- 
nism of biUverdin reductase, although it has been 
suggested nhat the enzyme obeys an ordered mech- 
anism [7,6]. These studies were conducted in the 
presence of serum albumin which complicates the 
analysis by binding the substrate biliverdin [6] and 

Correspondence: TJ. ManUe, Department of Biochemistry, 
Trimly College, Dublin 2, Ireland. 
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also appears to have direct effects on the enzyme 
activity [11]. While it is highly desirable to analyse 
the reaction mechanism for biliverdin reductase m 
the absence of serum albumin this is not possible 
at a physiological pH, due to the insolubility of 
the product bilirubin and the low for biliver- 
din. This last aspect is exacerbated using N A DPH 
as the cofactor [741]. We have recently shown 
that biliverdin bindings both productively and 
non-productivcly, is less tight at alkaUne pH val- 
ues (Rigney and Mantle, unpublished data) and 
have utilised this observation to study the steady- 
state mechanism at pH 9. Details of this work are 
presented in the present report. 

Materials and Methods 

Materials 

Biliverdin was synthesised by the method of 
McDonagh [12]. Biliverdin reductase was purified 
as described previously [8]. 

M-ethods 

Enzyme assays. Biliverdin reductase activity was 
measured by following the production of bilirubin 
spectro^hotometrically by monitoring the increase 

(Biomedical Division) . 
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in absorbance ai 460 nm. The buffers used were: 
0.1 M Tris-HCl/0.1 M sodium phosphate, and 
0.02 M sodium pyrophosphate/0.2 M sodium 
phosphate at the pH values indicated. In the 
steady-state study the buffer used was 0.02 M 
sodium pyrphosphate/0.2 M sodium phosphate 
(pH 9). The absorption coefficient for bilirubin in 
this buffer at 460 nm is 54.7 nM"^ • cm"^ and for 
biliverdin the value is 4.08 mM'^ • cm"^ (Rigney, 
unpublished data). All assays were conducted in 
triplicate at 30 ° C. 

Treatment o/ ^a^a. All initial rate data were 
fitted to a rectangular hyperbola by the method of 
Wilkinson [13]. Slope and intercept replots were 
fitted by linear regression. 

Results 

Effect of pH 

Biliverdin reductase was stable for at least 25 
min in aU of the buffer systems described in this 
work. The effect of pH on the NADPH- and 
NADH-dependent activities of bihverdin re- 
ductase are shown in Fig. 1. A pH optimum of 8.5 
was found with NADPH when all three buffer 
systems described in the legend to Fig. 1 were 
used. The optimum pH observed when NADH 
was the cofactor was found to depend on the 
buffer system used. In sodium phosphate buffer 
the pH optimum is at 7 whereas in Tris-HCl the 
optimum shifts to a lower value. A similar phe- 
nomenon was observed with sodium pyrophos- 
phate/ sodium phosphate buffer in which case the 
pH optimum was 6. The effect of pH on the 
initial-rate kinetics with biliverdin as the variable 
substrate is shown in Fig. 2. This shows that the 
substrate inhibition is far more potent at acid and 
neutral pH values than at alkaline pH values. In 
addition the apparent values for biliverdin 
are considerably higher at alkaline values than at 
acid or neuuai values. At pH 9 it is therefore 
feasible^ to examine the steady-state kinetics of 
biliverdin reductase in the absence of serum al- 
bumin. 

The initial rate kinetics of biliverdin reductase 

A linear relationship was demonstrated be- 
tween enzyme concentration and initial rate over 
the range 0.3-3.9 fig per assay. All kinetic cxperi- 



.5 OL 

6 . 




l.O 



Q5- 




Fig. 1. The pH dependence of biliverdin reductase, BiUvcrdin 
reductase (1.95 ^g) was assayed at 30 in 0.1 M Tris-HO 
(•); 0.1 M sodium phosphate (□) and 0.02 M sodium pyro- 
phosphaic/0.2 M sodium phosphate (o) containing:: (a) Bi- 
Uverdin (2.5 mM) and NADPH (100 /xM). (b) BiUverdin (2.3 
i*M) and NADH (700 jxM). 



ments were conducted within this range. Initial 
rate measurements when the biliverdin concentra- 
tion was held constant and the NADPH con- 
centration varied (5-150 ft M) yielded linear dou- 
ble-reciprocal plots (Fig. 3). When biliverdin was 
the variable substrate (0.5^10 /4M) at fixed levels 
of NADPH, linear double-reciprocal plots were 
obtained (Fig. 3). The slopes and intercepts from 
each plot were replotted against the reciprocal of 
the fixed substrate concentration and the kinetic 
constants calculated by the method of Florini and 
Vestling [14]. These are shown in Table I for the 
cases when the data set were analysed with bi- 
liverdin as the variable substrate and NADPH 
was held constant at various fixed levels, and 
when NADPH was varied and the concentration 
of bihverdin was held constant at different fixed 
levete. 
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Fig. 2. The effect of pH on biliverdin reduciasc kinelics. 
Biliverdin rcduciase (1 /xg) assayed ai 30*C in a mixture 
contamii^ NADPH (100 mM) and biliverdin at the concenira- 
Uons indicated with 0.02 sodium pyrophosphate/0.2 M sodiurft 
phosphate: CH pH 5.6, ■. pH 7.5; o, pH 9; and pH 9.5. 



Product inhibition studies 

The primary data for all of these experiments 
are not shown; however, all the inhibition con- 
stants can be found in Table II. When inhibition 
by bilirubin was investigated with biliverdin as the 
variable substrate at nonsaturating (10 /aM) and 
saturating (100 /iM) concentrations of NADPH, 
mixed inhibition was observed. When the slope 
and intercept values of the double-reciprocal plots 
were replotted against the concentration of bi- 
lirubin, a linear relationship was obtained and the 
resultant inhibitor constants K-^^ (from the inters 
cept replot) and K,^ (from the slope replot) are 
shown in Table II. Bilirubin also exhibited mixed 
inhibition when the variable substrate was 
NADPH and the bilirubin concentration was held 
constant at a nonsaturating level (1 /iM) or at 10 
/iM, Unfortunately, it was not possible to saturate 
the enzyme with biliverdin, as the mechanism 
becomes complicated by flux through an EBQ 
complex where B and Q denote biliverdin and 
NADP, respectively (see below). The 'saturating' 
concentration of biliverdin (10 /xM) was as close 
to saturation as possible without demonstrating 
substrate inhibition. When the slope and intercept 
values were replotted against bilirubin concenira- 



25r, 




[Biliverdin) >iM'* 




0.14 



Fia 3 The iniUal rate kinetics of biliverdin reductase, (a) The conceniraiions of biliverdin were 0.75 fiM (Q), 1 jiM (a). 2.5 iiM (a). 5 
iiM (•> and 10 uM (O). (b) The concentrations of NADPH were 8 (□), 12* /iM (a), 25 (a), 50 (•) and 100 (O). AH 
assays wer« pcrfonncd in 0.02 M sodium pyrophosphate/0,2 M sodium phosphate (pH 9) with 0.65 ;ig of biUvcrdin reductase at 
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TABLE! 

KINETIC CONSTANTS FOR BILIVERDIN REDUCTASE 



AT pH9 






■s. 
C 

■ 6 




[NADPH] 
constant 


[Biliverdin] 
constant 


0 

•E 

• 


A-i. (mM) 

V (iimol/min per ihg) 


12.23 ±3.93 
6.91 ±1.53 
9.47 ±2.12 
1.31+0.27 


11.49 ± 5.55 
5.27 ± 1.72 

26.43 ±12.12 
1.49+0.47 


Activity' 



tion, a linear relationship was obtained and the 
resultant ATj, and values are shown in Table 

NADP showed competitive kinetics with 
NADPH as the variable substrate at nonsaturat- 
ing (1 fiM) *saturating' (10 iiM) concentra- 
tions of biliverdin (the K,^ values are shown in 
Table II). With biliverdin as the variable sub- 
strate, NADP showed mixed inhibition at non- 
saturating concentrations of NADPH (10 ;xM), 
and when the experiment was repeated using 
saturating concentrations of NADPH (100 mM) 
the inhibition became uncompetitive. The values 
for the inhibition constants K^^ and /Cj, for both 
NADP and bilirubin at subsaturating and 
•saturating* concentrations of the fixed substrate 
were calculated from replots of slopes and inter- 
cepts against the concentration of the inhibitory 
product and are listed in Table II. . 




so 7S lOd 

[Biiiv«rdin] , >JM 

Fig. 4. SubsU-ate inhibition by biliverdin. Dixon plot with 
NADPH concentratioiw of 10 /i^I (•)• 25 fiM (a) ^ 50 ;iM 
(■). 

Substrate inhibition by biliverdin 

The substrate inhibition by biliverdin at pH 9 
was further investigated by varying the concentra- 
tion of NADPH (10-50 /iM) and biliverdin (25-75 
IxM), A Dixon plot of the reciprocal velocity 
against biliverdin concentration was linear (Fig. 
4). The lines at the various concentrations of 
NADPH were parallel, demonstrating that the 
substrate inhibitipn was uncompetitive. The in- 
hibition constant for biliverdin is 48 *iM. 

Effect of chloride on initial rates 

Chloride has a pronoimced * activating' effect 
on biliverdin reductase activity when NADH is 
the cofactor; howeveri no such effect was ob- 
served with NADPH at pH 7.2 in the presence of 



TABLE 11 



INHIBmON CONSTANTS FOR BILIVERDIN REDUCTASE 


Inhibitor 


Variable 


Fixed 






Substrate 


Substrate 


(/iM) 


(mM) 




Cone. (/»M) 






Bilirubin 


NADPH 


1 


6.83± 2.7 


4.93 ±X63 




10 


5.2 ± 1.35 


2.6 ±0.36 


Bilirubin 


biliverdin 


lb 


3:91 ± 0.84 


6.24±1.69 




100 


1.63 ± 0.85 


11.17 ±2.78 


NADP^ 


NADPH 


1 


84.7 ± 10.74 








10 


24.3 ± 0.70 




NADP* 


biliverdin 


10 


690.0 ± 630.0 


11.96 ±5.53 




100 




90.0 ±8.8 
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0.3 
[Salt].M 

Fig 5 Effect of chloride on initial rales. Biliycrdin reductase 
(0 35 fig) was assayed in a rcacUon mixture (2 nU) containing 
20 uM biliverdin, 700 mM NADH, 30 liM bovine serum 
albumin in 0.1 M sodium phosphate (pH 7.2) in the presence 
of the indicated concentrations of NaCl (•) and KCl (o). The 
enzyme was also assayed in a fiiixture containing 2.5 
bUiverdin, 100 mM NADPH in 0.1 M sodium phosphate (pH 
8 5) in the presence of the indicated concentrations of NaCl 
(■)andKa(D). 



bovine serum albumin (Fig. 5). The activation was 
further investigated by e^camining the effect of 0.5 
M KO on the initial rate kinetics with biliverdin 
or NADH as the variable substrate. It can be seen 
(Fig. 6) that the primary effect of chloride is to 
aboHsh the substrate inhibition observed with bi- 
liverdin. This effect is mirrored in the NADH 
kinetics where chloride has little effect on the 
slope value but increases the apparent turnover 
number from 1.7 s" Mo 5.6 s''^ 

Discussion 

The initial rate studies indicate that the mecha- 
nism obeyed by bUiverdin reductase is sequential, 
as hnear intersecting lines were obtained when 
either subsifraie was varied at different fixed levels 
of the other substrate. The mechanism was further 
investigated by determining the product inhibition 
patterns [15]. BrieHy, since bihrubin is a mixed 
inhibitor when biliverdin is the variable substrate, 
Theorell-Chance and rapid-equilibrium random 
mechanisms are ruled out. A random steady-state 



mechanism is unlikely as linear product inhibition 
replots were obtained [IS]. These results, taken 
with our observation that pyridine nucleotides bind 
to the free enzyme [17], suggest that at pH 9 in the 
absence of any 'binding protein* the reaction 
mechanism is ordered. We have been unable to 
obtain any evidence that biliverdin binds to the 
free enzyme by analysing difference spectra, by 
conducting sucrose-density sedimentation experi- 
ments in the presence of biliverdin, or by utilising 
the fact that biliverdin binding to proteins is often 
accompanied by a distinct spectral change in the 
presence of a mercaptan [8]. Two minor points 
concerning the experimental product inhibition 
patterns and the theoretical patterns for an ordered 
bi-bi mechanism are worth noting. Firstly, it was 
not possible to observe the predicted uncompeti- 
tive inhibition by bilirubin against NADPH at 
saturating concentrations of biUverdin as it was 
not experimcntaUy feasible to saturate with bi- 




§" 0.2 
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> 

T3 1.0 
< 

0.8 
Q6 

a4 

as 



2 4 6 .8- 




dl 0.3 0.4 

[Biliv«rtin] ^ 

Fig. 6. -Effect of chloride on initial raies. Initial rales were 
measured at pH 7.2 in the absence (O) or presence (•) of 0.5 
M KCI Other conditions are described in the legend to Fig. 5. 



FEB 10 2004 15:36 FR CISTI ICIST 



613 952 9303 TO 15852631119 



P. 08/08 



242 

liverdin without introducing the complication of 
substrate inhibition. Secondly, although no inhibi- 
tion by NADP against biliverdin is predicted at 
saturating levels of NADPH, significant, albeit 
reduced, inhibition was observed under these con- 
ditions. Cleland [16] has pointed out that in prac- 
tice one can rarely achieve a high enough con- 
centration of A (NADPH) to negate the effect of 
Q (NADP) binding. Since NADPH has been 
shown to bind to biliverdin reductase in the ab- 
sence of biliverdin [17] it appears that, as with 
other pyridine-nucleotide linked oxidoreductases, 
the coenzyme binds before the second substrate 
[18] in an ordered bi-bi mechanism with bilirubin 
being the first product to dissociate. 

Substrate ixihibition studies show that bihver- 
din inhibited the enzyme uncompetitively at fixed 
concentrations of NADPH, indicating that bi- 
liverdin binds to the enzyme-NADP complex. It 
should be noted that the substrate inhibition con- 
stant increases from approx. 2.5 /iM at pH 7.5 to 
50 fxM at pH 9. It is tempting to ascribe this to 
deprotonation of a basic residue involved in bind- 
ing one of the biliverdin propionate side-chains. 
0*Carra and Colleran [9J have described a reduc- 
tion in biliverdin reductase activity on esterifying 
one of the propionate side-chains, although they 
did not report whether this had an effect on 
binding. Both results would be compatible with a 
model where a single salt bridge involving one of 
the propionate side-chains and a basic residue on 
the enzyme is less favourable than binding involv- 
ing two such salt bridges. A similar model will 
also explain the increase in the apparent for 
biliverdin as the pH is increased. Dixon plots at 
high concentrations of biliverdin at pH 9 deviate 
from linearity to give a limiting reciprocal initial 
rate (Rigney and Mantle, unpublished data), indi- 
cating partial substrate inhibition. It is evident 
that the enzyme-NADP-biliverdin complex can 
break down, presumably via an enzyme-biliverdin 



complex, to regenerate free enzyme. A similar 
conclusion has been reached at pH 7.2 in the 
presence of bovine serum albumin [6]. 
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INTRODUCTION 

Biliverdin reductase catalyses the NAD(P)H-depen- 
den Suci"o^f bilivefdin to produce bilirub n, wh.ch 
is the major bile pigment in mammalian sysienr.s (Colleran 
& O-Orra, 1977). Bilirubin is recognized as being 
potentially toxic, so that the conjugation "^f 'O'lf 
volvinR glucuronic acid arc normally regarded as ensur ng 
the efficient elimination of an undesirable catabolite 
FeveSTa/.. 1972). However, more recent studies have 
suSd that bilirubin may play an important role as 
rphysiologically important antioxidant (Stocker et al.. 

sfocker & Ames. 1987). As biUverdm has b«« 
sugEC^ied to be the major product m at least one of these 
mldS systems (Stocker el ai, 19876). it may be that one 
Son of biliverdin reductase is to ma nia.n protective 
Sntrations of a physiologically importent , anti- 

"'iSrUyme exists as a monomer '>[ A/, ^4000 i" "loj 
mammalian species (Noguchi et aL 1979; Kutty & 
Xms 1981 ; Phillips & Mantle, 1981), but has received 
coSSara iv^iy little attention. The steady-staie k.nctics 
have bMn studied at pH 9 and shown to follow an 
iXJTme^hanisn. (Rijney & Mantle 1988). A similar 
mechanism is probably operative at pH 7-2; however at 
this pH the kinetics are not readily amenable to analysis 
unlest a biliverdin-binding protein such as serum albumin 
?s p^sSnt &e Phillips & Mantle, 1981). The enzyme .s 
subject to potent substrate inhibition as the consequence 
of the formation of an enzyme- NADP- biliverd.n 
romprex (Rigney & Mantle. 1988). The substrate 
iSSn is pardal both at pH 7.2 and at pH 9 as the 
enxyme.NADP^.biliverdin complex can break down 
via an enzyme- biliverdin complex J^f 
enzyme (Phillips & Mantle. 198 1 ; Rigney & Mantle, 1988). 
Wenow describe some stopped-flowexpenmenis with the 
enzyme that provide more detailed information about 
tKhanism of catalysis. In particular, the observation 
of a 'burst' of bilirubin formation before the estab- 



lishment of the steady-state rate shows thar the «t^^ 
limiting step of the reaction occurs after hydride transfer. 

MATERIALS AND METHODS 

Biliverdin reductase was purified from ox kidney as 
described previously (Rigney et a/., 1988). Biliverdin was 
synthesized by the method of McDonagh (1979) The 
conditions for studying the sleidy-state kineucs have 
bS described in Rigney & Mantle (1988). atid for details 
on the pre-steady-statc methods, moniionng changes 
both in absorbance and fluorescence, see Dickinson^ 
Dickenson (1978). Bilirubin formation was generally 
monitored spectrophotomctrically at 460 nm by using 
Ac = 52 500 m-' cm-'. For the reverse rea=^on 
biliverdin formation was similarly monitored at 660 nm 
by using Ae,„ = 12 SOD M"' -cm'\ 



RESULTS AND DISCUSSION 
Biliverdlnh4»JADPH reactions 

When biliweirdin reductase: was mixed «;apidly >^th 
NADPH and biliverdin in 10 mM-glycine/HCI buffer. 
pH 9.0. containing 0.1 M-Na.HPO^ at 25 'C ajburst' at 
460 nm was observed before establishment of the steady- 
slate rate (Fig. 1). Similar experiments w«rc perfo™*^ in 
O.lM-glycine/HCl buffer at pH 9.0 and with NADH 
replacing NADPH at pH 8.5 and pH 7.0 m 0.1 M-Sodium 
phosphate buffer. A summary of the resulu of these 
experiments appears in Table 1. The characteristics 
shown in Fig. 1 wer« also seen in all the other expenments. 
but some points are worthy of note. Changing from 
10 mM-glycine buffer. pH 9-0, containing 0.lM-Na,HPO^ 
with NADPH as coenzyme diminished the burst am- 
plitude and the apparent first-order rate constant for the 
'burst* without materially changing the steady-state rate. 
No further work has been done on this observation and 
no spcciBc reason for the changes can be offered. The 
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Buffer 



lOmM-Glycine/HO + O.! M-Na.HPO, 

Oj"M?Glycine/Ha. pH 9-0 ^ . 
O.l M-Sodium phosphaic. pH 8,5 
OJ M-Sodium phosphate, pH 7.0 



Coenzyme 
NADPH 



12.4 + 0.2 



'Burst' amplitude 
(mol of 
bilirubin/ 
mol of cnxymc) 



Steady-staie rate 
(mol of blUrubin/s per 
mol of enzyme) 




0,6±0.1 

0.2 ±0.02 
0.7 ±0.1 
0.3 ±0.02 



0.62 ±0.02 

0.69 ±0.08 
0.02+0.002 
0.35 ±0.07 




Fig. I. Pre-steady-state kineties of billverdin reductase at pH 9 
aiHl25*»C 

BiUvcrdin reductase was mixed ^^l.^^""^^^ 
bilivcrdin to give final concenirations ^J^l^^^/.^^^^^^ 
«nd 20 //M respectively, in O.l M-Na,HPO /lO mM 
Elycine/HCl buffer. pH 9. The "=^^<^V<^'*^'"*^^^2'K!LH 
t^nd scalc)! the analysis of the transienv right-hand 
j;cale) 'and the prc-mixing con ditions arc shown. 

steady-statc rates (^/^n). observed ai pH^^^^ 
NADPH as coenzyme are in reasonable agreement with 
the value of 0.46 s-' calculated from eqn. (1) : 

(1) 



V 

IE]« 



^- [A][B] 



u», ...ino the steadv-siate parameters determined earlier 
fRigne?& M^nit^988). (In cqn. (1) A and B represent 
NADPH and biliverdin respectively.] ^t. alkahne p^ 
N ADH is clearly a very poor substitute « or NADPH 
wiVh this enzyme' Both the bursf rate constant and the 
«e-,dv-staie rate arc much smaller, although the burst 

nH8 S (Rieney & Mantle. 1988). It is clear now that 
NADH is S effective coenzyme at pH 7.0 and that the 
briad featu^ of the reaction mechanism are thesame as 

*^StoDiS'-flow experiments with the sarne pre-miMng 
arSnrements as for Fi^^ 1 were continued at pH 7.0 m 



0.1 M-phosphate buffer. NADPH was th^^oe^W.^! 
u shown below, the 'burst' rate constant >s much higher 
han at pH 9.6. although the steady.state rates and 
'Sum- amplitudes are siinilar at »he *wo PH valu^^ 
Variation of the biliverdin <=?n«"^"?°" (JtII'^.'JJ 
with lOOuM-NADPH and vanation of lhe NADPH 
ToncentraSon (100-1 100 ^M) with 5/fM-b.l.^rd m 
established that the 'burst' «>?»*?"...<"^.± h 
the W amplitude (O.45±0.5n.ol of b.I.rub.n/tnol of 
enryme) and the specific steady-state rate ("-^tO-lfs ) 
r^maTned essentiaUy constant over 
ranges tested. Thus the characteristic observed at pH 9.0 
(Fii \) are also seen at pH 7.0, and it appears that the 
ScentraUons used for Fig- 1 and for the experiments 

described below are saturanng. -nrvme was 

The effect of pH on the behaviour of the enzymewas 
examined in a series of experiments with NADPH as 
coenzyme The important results appear m Table 2 and 
fT z The 'burst' rate consunt (A.) is strongly pH- 
dSendent with an apparent pX, of 7.2. A An-^value of 
r=iOs-' seems to be achieved at alkaline pH, 
suggesting that protonation of this group may not be 



Table 2 pH variation of the reaction profiles fur baivtrdin 
■ ^ednctase at 25 'C with NADPH as cocniynie 

ExDcriments were conducted in 0.1 M-stodium pho^ate 

At dH 9.0 the buffer was 10 mM-ely<;"«/HCI ~n»"™«8 
ft 1 M Nft HPO The final concenirations of nsacuinis were 
2 7«^enzyme. »0O/«M-NADrH and 20,.M-b.l.yerdin. 
The'^^lsriTar; expi4««d as ihc inc...* and «n8« for. 
duplicate experiments. 



pH 
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6.0 
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7.5 

8.0 
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9.0 



162 

17l±5 
136±7 
97 

53 ±5 
20±l.» 
13 t o. 5 
12+1 



0.3.-^ 

n.3S4».C)2 
0.43 j 11.02 
0.44 

0.6±<».t>4 
0.63 ±0.0 1 

0.5 ±0.01 
0.5H±0.05 



1.0 

l.l±0-l 
0.68 ±0.05 
0.61 

0.72 ±0.07 
0.59 + 0.1 . 
0.68 ±0.02 
0.58 + 0.01 
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Fig. 2. Effect of pH on the burst' rote constant of Mlhwrdin 
■cductaise at 25°C 
A solution coniaining6J4/yM-bilivcrdin reductase in 2 IT.M- 
Todiurn phosphate buffer. pH 7.2. wfs^ixcd with a 

. ^,^Uon coni^ning 40 /.M-biliverdin and 00 MM-NADPH 
^ the followine buffers: 200 mM-sodiun, phosphate. 
oH S 5- 200 mM^odium phosphaie/20 mM-glycne. 
pH 9. The symbols and bars Show the means and ranges 
for duplicate esiimaies. . ■■ 

absolutely criiical for the reaction to proceed with 
NADPH as coenzyme. The same may not be true for 
KadH The limited data of Table 1 show that fc« for 
NADH changes 'he direction for NADPH 
but much more dramatically bei>veen pH 7.0 and pH 8.5^ 
Comparison of the steady-state rates (Tables 1 and 2) 
wUh NADPH and NADH also shows a marked 
Srence between the tvvo coenzyme reactions For 
NADPH the steady-state rate is rather insensitive to pH 
wherearror N ADH the rate at pH 7.0 is comparable with 
That'ror N AbPH but at pH 9.0 is "tremely slow In view 
of these differences it is mterestjng that the bun,i 
tmplitudes for the two coenzymes are quite similar and 

iinJunfi sicJ in biliverdin reduction occurs after hydride 
transfer and bilirubin formation. A likely mechanism to 
cxS the results is shown in Scheme 1 . which describes 
ihrclentt following mixing of enzyme with saturating 
lonSalions of b^iverdin and NADPH. In this simple 
t^S twt possible rate-limiting steps occur after 



711 



hydride transfer, and it is not uncommon to find vMhw 
the c ass of NAD(P)-Unked dehydrogenases thai product 
S^nzyme disso^^^^ » the ralc^limiting r^-^'O"; I" 
oresent case, however, it does not seem that this is so. 
The "bursf amplitudes are in all cases «gn'fi.cantly l«s 
than the 1.0mol/ni<»> of <=««y™« expected if NADP 
dissociation is the only rate-limitrng step. The low values 
could be explained if the enzyme preparation was on y 
nartially active/but as these preparations were highly 
active and appear to be homogeneous by vanous cnicfia 
(Rigney & Mantle, 1988) this possibility is tor the prcswit : 

kisloumed. It is PO^f '*.,.^tin at iS S 

coefficient of cnzymc-bound bilirubin at 460 nm is 
sSmificantly lowered from that of bilirubin in soluuon It 
seems un kely on general grounds, however, that the 
Srton coefficient would be affected by as large a 
hypochromic shift as would be necessary to be compatible 
with 'burst' amplitudes of > 0 n«>l/T' °f «"f 
uinly the experiments described below at different 
SiSengths siggest only a limited effect on the ab- 
sorption spectrum of bound bilirubin. . 

The datTpresenied can be perhaps best explained 
by assuming that the rate^Hmiting "ep in _the 
reaction is bilirubin d«soaation from_the pro^^^^ 
enzyme NADP*- bilirubin complex. The hydnde- 
transfer step would rapidly equilibrate at a rate deter- 
r^in^ partly by the state of ionization of the enzyme 
"SoS having P^7-2. ^^e equilibrium portion of 
fhe hydride-Transfer step may be roughly m balance 
As the bilirubin then dissociates the hydnde-transfer 
stcD rcequilibraies to maintain the balance and the 
enzvme-NADPH. biliverdin complex concentraVon is 
STed rapidly by eombiriation of substrat^^^^^ 
enzyme liberated by the dissociation of NADP • With 
veast alcohol dehydrogenase, for example, the equi- 
ilbnum constant fo? the Mndrtransfer ste^^^^ 
at oH 7 0 (Dickenson & Dickinson, 1978) whereas tlie 
equilibrium constant for the overall reaction is 10 at 
this pH (Backlin, 1958). _ .»ir. ,i.«,i« 

An argument in favour of the above proposal is that in 
all cases the transient seen in stopped-flow studies is 
strictly first-order over at least 90% of the reaction . 
course. There is no evidence either in the experiments 
described above or in those given below that two separate 
kinetic processes contribute to the appearance of bilirubin 
ill the prc-steady state. If NADP* dissociation from the 
terminal enzyme NADP' complex is rate-limiting and 
the hydride-transfer step is rapid and roughly balanced 
at equilibrium, one would expect to see a biphasiic couRC 
of Wlirubin formation in the pre-steady state whether or 
not bilirubin and the enay me- NADP*- bilirubin complex 
have the same a.bsorption coefficient. . . , 

A series of experiments like that descnbed in Fig. I 
were conducted at pH 8 0 with observations being made 
i^ the wavelength range 393^13 nm. The results are 



E- NADPH . biliverdin 5t E- NAPP*-bilirubiri E- NADP* - E + N ADP' 
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Scheme ! Proposed mechanism for biliverdin reductase tv- r „r 

and biliverdin were used.. 
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state rate of biUiverdiii rcJnctase at pH 8.0 aod 25 C 

BiHvcidin reductase (10.06 >»m) was mixed with NADPH 

phosffic buffer, pH 8.0. in the «°PP«>-flow appa«t«. 
The reactions were monitored at vanous waveknglhs ai»d 
uTe 'S amplitude (O, left-hand scale) and steady-staie 
rate riEht-hand scale) were measured. _ 



Shown in Fig. 3. It is clear that the 'burst' amplitude 
d«SsS as the wavelength decreases. There js an 
Sos^tte point at about 396 nm when no burst is. 
?S«Sd. a^d thereafter the sign of the 'burst « ."ve^^J. 
m steady-state i^te shows the same trend « ^he bui^i . 
buf t^ cirve is shifted to longer wavelengths and the 
SisSic point is at 401 nm. These 
that the absorption ^spectrum of ^^irubin m the 
eiuvme NADPH-bilirubin complex is shifted to shorter 
waSgths from that of bilirubin in free solution The 
Thm rnot very great (approx. 4 nm), however and as 
Se abso^,tioTbfnd is lifher broad (approx. 90 nm at 
half ma^d^um) it is unlikely, as ^Uted above ijat the 
absorption coefficient of bound bilirubin at 4^ nm is 
Katly lowered from that of bi irubm .n soi-^o"- 

The transients documented m Fig. 3 are ""ctiy 
fint-order with experimental error "f^'J^/^. °f i^^jf 

of the 'burst' and all S'^^ ^^'^^^fs- oSsW in 
constant in the range of - 20+2 s Ob^o^^^^ 
the reaion of the isosbestic point the accuracy oivnc 
me »*B'°" \ rfe-reased because of the diminished 
^SruToT h;%;Sen.^^^^^^^ that the pre-steady- 
Tuffitics of bilirubin formation rem"" s""Pf .^c'o s 
a wide wavelength range supports the view that oi^ y 
^J. .»M>ies of enzvme-bound bihumbm is kineUcally 
SSifi^Tnt tS s'e^Sagcs belief in the interpretaUon of 
?rpr^steady-statc experiments observed above. 

BiUrubin-NADP* reactions 

A few siopped-flow experiments were conducted at 
25 'C in 0.1 M-iodium phosphate buffer pH «• "Jich 
enzyme was rapidly mixed with a solution of bilirubin 
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and NADP*. The final concentrations after imxing w«re 
2 7uM-enzyme, 80 AiM-bilirubin and 1 mM-NADP*. The 
reactions were monitored spectrophototnetncally at 
660 nm. The reaction profiles were very smiilar » that of 
Fie 1 in that a rapid 'burst' of absorbance was followed 
S'e tlblSmem'^f a s»ow ."ejtdy-stau rate In the^^ 
extierimenis the 'burst' amplitude was O.l5±0.02mol of 
"KrdkT/mol of enzyme, the 'burst' rate constant 
J wM 5710.53-' and the steady-stat^ rate was 
0 02 + 0 003 mo) of bilivcrdin/s per mol of enzyme. It 
was not esublished whether the °5 
substrates were saturating, but it seems likely that they 

M for the forward reswaion the rate-limiting step_in 
bilirubin oxidation seems to occur after hydnde transfer 
The hydride-transfer step may equilibrate rapidly wth 
ie equilibrium position being in favour oT the 
enzym1.NADP*.bilirubin compl«. It .s^^ 
that the steady-state rates observed are inhibited rates 
b^use of the steady formation of the abortive 
SS^e.NADP^ biliverfin complex (Rigney. & Man le 
^Sw)! Accordingly, no further interpreuuon of the 
results seems justified, 

Enzyme-NADPH reactions 

The binding of NADPH to biliverdin reductase has 
nriJouslv been studied by observing the quenching of 
?K Sio^sSeni follo^ig NADPH binding to the 
KSSie. At pH 8.5 a value for the dissociation constant 
ofT bina^ complex of 2.6^M >«is obtained (E. 
Riariey & T. J. Mantle; unpublished work). It is not 
Sbte to investigate NAD(P)H 
nucleotide fluorescence because, unlike most otner 
nSamide nudeotide-linked o^idoreducuses no such 
chanae was observed on mixing enzyme and either 
NADPH or Ni^H. We have now followed the kinetics 
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Fig. 4. NADPH bindliig to bHlmdbi reductase 
The quenching of biliverdin reductase (final concentration 
2 57 «m) fluorescence was measured at the concentrations 
of NADPH indicated by «mpped-flow fluonmetry m 
50 mM-sodium phosphate buffer, pH 7. The uiset shows a 
i«« obtained with 30,«i-NADPH. Th* symbols and 
bars show the means and rtngesTotdupUeate expenments. 
The pre-mixing conditions are- indicated. 
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«f >JADPH binding to the enzynie by monitoring the 
iJJS.ing" f protL fluo^scencc in a stoppcd-flov. 

""•SrStViS life co'ndUioS of the experiments are 
«hown?n FiK 4. The kinetics show an apparent firsi- 
nM^r oroceS' the rate constant of which increases with 
SctasTnTc-Sntrations of NADJH T^e results may 
be interpreted in terms of the reactions 

e+nadph^^Ie-nadph 

Such a scheme predicts that tlie s'?P% 
aucn o ^ . intercept iS Thus 

? " o^'^txI^'M-^-' and A- . = 25r'. The 'dissoci- 
= .. .n? of the complex Is calculated to be 26 /.M, 
tKir^e^t r^ h^n T?H 8 5 (see above), but very 
•-Liu^r frt the value for the dissociation constant of the 

L I- hTJTbind the reduced form of the coenzyme 

vTmiHr value for the specific rate of dissociation of the 
Tr^esponSng en.%e^^^ complex. If so. it would 

"Tn wHh our view that bilirubin dissociation from the 
product ternary complex is the rate-l.miting step. 
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^ Some physical and immunological properties of ox kidney 
biliverdin reductase 

Elizabeth M. RIGNEY, Orla PHILLIPS and Timothy J. MANTLE 
Department of Biochemistry, Trinity CoDege. Dublin 2, Ireland 



The liver, kidney and spleen of the mouse and rat and the kidney and spleen of the ox express a monomeric 
form of biliverdin reductase {M^ 34000), which in the case of the ox kidney enzyme exists in two forms 
(pi 5.4 and 5.2) that are probably charge isomers. The livers of the mouse and rat exp^ress, in addition, a 
'l protein {M^ 46 000) that cross-reacts with antibodies raised against the ox kidney enzyme and may be related 

to form 2 described by Frydman, Tomaro, Awruch & Frydman [(1983) Biochim. Biophys: Acta 759, 
257-263]. Higher- Af, forms appear to exist in the guinea pig and hamster. The ox kidney enzyme 
has three thiol groups, of which two are accessible to 5,5'-dithiobis-(2-nitrobenzoatc) in thie 
native enzyme. Immunocytochemical analysis reveals that biliverdin reductase is localized in proximal 
tubules of the inner cortex of the rat kidney. Biliverdin reductase antiserum also stains proximal tubules in 
himian and ox kidney. The staining of podocytes in glomeruli of ox kidney with antiserum to aldose 
reductase is particularly prominent. The locaUzation of biliverdin reductase in the inner cortical zone of rat 
kidney is similar to that described for glutathione 5-transferasc YfYf, and it is suggested that one function 
of this 'intracellular binding protein' may be to maintain a low free concentration of biliverdin to. allow 
biliveixiin reductase to operate efficiently. 



INTRODUCTION 

Biliverdin reductase catalyses the NAD(P)H- 
dependent rieduction of biliverdin to produce the bile 
pigment bilirubin. The enzyme has been purified from rat 
liver, pig spleen and ox kidney (Kutty & Maines, 1981 ; 
Noguchi et al., 1979; Phillips & Mantle, 1981) and in 
each case has been reported to exist as a monomer of 
34000-36000. The enzyme has been reported to 
occur only in manunals (CoUeran & O'Carra, 1977), 
• here it is believed to play a role in clearing biliverdin 
trom the foetus (McDonagh et al., 1981). BiHverdin is 
not known to exhibit any toxicity, and although Okazaki 
et aL (1978) suggested that it might play a role in liver 
regeneration we have been unable to confirm this 
suggestion (Phillips et aL, 1984). The enzyme is subject to 
potent substrate inhibition by biliverdin (O'Carra & 
CoUcran, 1971; Philfips & Mantle, 1981), although this 
effect is probably modulated in vivo by intracellular 
binding proteins (Phillips et ai., 1984). 

Most studies on the kinetics of this enzyme have 
included senun albumin in the assay mixture, and as this 
binds biliverdin it is necessary to apply a correction 
factor to obtain the free concentration of biliverdin 
(Phillips & Mantle, 1981). In addition, albumin may 
have direct effects on the activity of biliverdin reductase 
(Phillips, 1981 ; O. Phillips & T. J. Mantle, unpublished 
work). In order to conduct a detailed kinetic study of this 
enzyme we have used a slight modification of our 
original preparation (Philhps & Mantle, 1981) as 
scribed elsewhere (Phillips; 1981; Daly & Mantle, 
•982) to obtain sufficient quantities of the enzyme. This 
has allowed us to investigate certain physical and 
immunological properties of the enzyme, which are 
described in the present paper. 



MATERIALS AND METHODS 
Materials 

Biliverdin was synthesized by the method, of 
McDonagh (1979). Procion Blue MX^R-Sepharose 4B 
was prepared as described by Baird al. (1976). 
NADPH was purchased from Boehringer, and 2', 5'- 
bisphosphoadenosine--Sepharose and Sephadex G-lOO 
were obtained from Pharmacia. 

Purification of biliverdin redactase and aldose reductase 

Our current procedure represent minor variations to 
those described in earlier work (Phillips & Mantle, 1981 ; 
Daly & Mantle, 1982). Bnefly, ox kidney cytosol is 
fractionated by (NH4),S04 fractionation (40-65 % satur- 
ation), DiEAE-cellulpse chromatography and chromato- 
graphy on Procion Blue MX-R-Sepharose. After this 
step fractions with a specific activity of more than 
550 mnol/min per mg were pooled and gel-filtered on 
Sephadex G- 100. After this step the preparation 
contained two polypeptides of 34000 (biliverdin 
reductase) and 32000 (aldose reductase). These two 
proteins were separated on 2',5'-bisphosphoadenosine- 
Sepharose as described previously (Phillips, 1981; Daly 
& Mantle, 1982). 

Details of the assay methods for biliverdin reductase 
and aldose reductase can be found in Phillips et al, (1984) 
and Daly & Mantle (1982). 

Electrophoretic methods 

SDS/polyacrylamide-gel electrophoresis was carried 
out according to the method of Laemmli (1970). 
Isoelectric focusing was performed in flat*bed poly- 
acrylamide gels in an LKB Multiphor apparatus under 
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native and denaturing (8 M-urc») conditions. I™"^"^ 

blotting was carried out according to the method oi 

Towbin et al, (1979). 

Activity stain for biliv«din reductase 

After native isoelectric focusing the polyaco'laniide 
•»1 was overlaid with nitrocellulose paper that had 

. £n »ak^ In 30 ;tM-biUvcrdin/ 100 ^m-NADH/50 ^M- 
bwine serum albumin/ 100 mM-sodmm phosphate 
buffer oH 7.2, and then blotted dry. Enzyme acuvity 
WIS easily located as yellow bands (biUrubin) against a 
pale-green background. 

Pr^aration of antiswa 

Purified prepafadons of biliverdin reducUse and 
aldose reductase (100 A»g of each) were emulsified with 
pi^dTo^mpleti ad^vant and injected into muUjple 
siteson the backs of New Zealand White rabbits. Then 
2^ed^s later the animals were boosted with a further 
lOoZg of antigen (emulsified with Fr^und's incomp cte 
adiuvint) by intramuscular injection into the hind leg. 
After a further 2 weeks the animals were exsanguinated, 
^S ttie blood was allowed to clot at 4 "C overnight and 
the serum was stored at t-20 "C. 

Preparation of cytosols 

Animal tissues were obtained from local suppliers with 

the ex«ption of those froni the wallaby, which were 
Sndly suppUed by Dr. C. H. Tyndalc-Biscoe, C.S.I.R.O.. 
SmbS A.C.T , AustraUa. Liver, kidney and spleen 
f^m the rat. mouse, hamster guinea pig. fox_ and 
wallaby and human liver were homogenized m 0^5 M- 
rucrosI/lOm*-Tris/Ha/lmM-EDTA ^^^^l^^J^^i^' 
in a PolWon homogenizer and centnfuged at *80p0 ^ 
20min. The supematants were «of?d at -20 C at a 
protein concentration in the ran^ 10-50 mg/mi. 

Irnmunbcytochemical analysis 

Sections (5 am) of Uver, kidney and spleen from th^ 
rat hu^n and ox that had been fixed in Bourn's fluid 
weres^^^y theperoxidase-anti-peroxidase technique 

of Stemberger e/ a/. (1970). 

RESULTS AND DISCUSSION 

By substituting one Prodon dye column instead of two 
^hiiiim & Mantle. 1981) and by including 2 ,5 - 
SSKhoadS^^-SephLse (Philli^^^^^^^ 
Mantle. 1982) we can now prepare 1-2 nig of e'ecUo 
ohoretically homogeneous material "» P^'^^yf- 
Surificd cniyme focuses as a single band with a pi of 6^2 
under denaturing conditions. However, when the enzyme 
Sb"uSSuhdernaUve conditions two bands are resolved 
S^S^ectric points of 5.4 and 5.2 (F g. I). Both bands 
Ire active, as demonstrated by activity staining on 
nitrocellulose paper (results, not shown), demonstrating 
. Se^istence of two "ol^ijar forms of J,.^^^^^ 
reductase, which we term BVR I (pi 5 4) and BVR II 
(PI 5 2) The separation of two major bands was quite 
reproducible. However, in some preparations ^a third 
band (pl 5 1) was also observed (see, e.g.. track 3 m Fig. 
1) BVR I and BVR II have identical mobiUties on SDS/ 
polyacrylamide-gel electrophoresis, as shown in Fig. 2. 
Tlic structural relationship between the two forms was 
examined by peptide mapping with the use of Staphylo- 
coccus auraaVS proteinase. No difference between the 
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Fig. 1. Isoelectric focusing of ox kidney Miiverdin reductase 

Tracks 1, 2, 3 and 4 contain 6 /tg of ox kidney biliverdin 
reductase from four preparations. 
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Rg. 2. SDS/polyacrylamide-gel electropboresis of MUverdin 
reductase 

The two forms of biliverdin reductase (BVR 1 and BVR IT) 
were excised from the native isoelectric-focusmg gel and 
incubated in 0.125 M-Tris/HCl/1 mM-EDTA/O 1 % SDS 
for 4 h at 4 °C before SDS/polyacrylamide-gel electro- 
phoresis. Tracks 1, 2 and 3 contain 6/ig of BVR I, BVR 
II and a mixture of BVR I and BVR 11 respectively. T^e 
mobilities of the markers arc indicated. The protein 
bands were detected by silver staining. 
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Table I. Effect of 5^'-dithiobis-(2-nitrobcnxoate) on biliverdin 
reductase 

Reaction, of 5.5'-dithiobis-(2-mtrobenzoatc) (DTNB) at a 
final concentration of ^S iiyi with 2.5 /*M enzyme was 
monitored at 412 nm in O.l M-sodium phosphate buffer. 
pH 8, containing 10 mM-EDTA. Results are shown for 
a single experiment as a relatively high concentration of 
enzyme was used. However, the values obtained are in 
good agreement with results obtained in a separate 
experiment conduaed with 1.47 /iM enzyme. The 'pro- 
tecting' concentrations of substrates were 22 /»M and 
200 /tM for biliverdin and NADP* respectively. 



Substrate 
present 

before addition 
of DTNB 


Thiol groups modified 
(mol/mol of enzyme) 


Activity 
remaining 
(%) 


NoSDS 


SDS added 


None 
Biliverdin 
NADP 
•biliverdin 
plus NADP* 


1.66 
0.86 
1.78 
1.10 


2.70 
2.82 
3.30 
3.20 


0 
0 
0 
30 



two forms could be detected by this technique (results 
not shown). In addition, we have been unable to detect 
any evidence for kinetic heterogeneity in our steady- 
state studies (E. M. Rigncy & T. J. Mantle, unpublished 
work). Further attempts to separate BVR I and BVR II 
hy chromatofocusing were not successful ; all the activity 
was eluted in a symmetrical peak at pH 4.6 (results not 
shown). The two molecular forms of biliverdin reductase 
are clearly closely related, and we assume that they 
represent charge isomers. We have not attempted in the 
present work to define further the relationship between 
BVR I and BVR II and have conducted the following 
experiments with preparations containing both forms. 

The amino acid composition of biliverdin reductase 
has been reported previously (Phillips, 1981), but 
unfortunately no data were presented on the number of 
thiol groups reactive with 5,5'-dithiobis-(2-nitrobenzo- 
ate). Table 1 shows the effect of 5,5'-dithiobis-(2- 
nitrobenzoate) on biliverdin reductase activity in the 
presence and in the absence of substrate and also the 
number of 5,5'-dithiobis-(2-nitrobenzoate) reactive thiol 
groups per subunit in the absence and in the presence of 
1 % SDS. It is clear that the polypeptide has three 
reactive thiol groups of which two are available in the 
native enzyme. NADP* did not protect cither of the two 
ihiol groups in the native enzyme, whereas biliverdin, 
either alone or in the presence of NADP*, does appear to 
protect one of the thiol groups. Neither substrate alone 
was able to protect enzyme activity. However, 30% 
activity remained when the enzyme was incubated with 
5,5'-dithiobis-(2-nitrobenzoate) in the presence of both 
substrates. It is imclear why biliverdin, either in the 
presence or in the absence of NADP*, apparently protects 
the same thiol group but with different amounts of 
activity remaining. Ox kidney biliverdin reductase thus 
esembles the rat liver enzyme, which is also reported to 
contain three cysteine residues (Kutty & Maines, 

1981). r u u 

The ability of biliverdin to protect one of the three 
thiol groups suggests the existence of an enzyme- 



Table 2. Species and tissue distribution of biliverdin lediictase 

Immunoprecipitation was carried out by incubating the 
respective cytosols with 10 /tl of Protein A-Sepharose and - 
50 /d of antiserum for 6 h at 4 ''C and then oentrifuging the 
slurry in a bench centrifuge for 3 min. The supematants 
. were then assayed for biliverdin reducUse activity. 
Controls in which either the antibody or Protein A- 
Sepharose had been omitted did not precipitate any 
biliverdin reductase activity. Abbreviation: N.D., not 
determiiied. 

Activity 
remaining 
Specific after immuno- 

. activity precipitation 
Tissue (nmol/min per mg) . (%) 



Ox kidney 
Ox liver 
Pig liver 
Guinea-pig liver 
Guinea-pig spleen 
Guinea-pig kidney 
Mouse liver 
Mouse spleen 
Mouse kidney 
Rat liver 
Rat spleen 
Rat kidney 
Hamster liver 
Hamster spleen 
Hamster kidney 
Fox liver 
Fox spleen 
Fox kidney 
Wallaby kidney 
Wallaby liver 
Wallaby spleen . 
Human liver 
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-65 



-46 
-34 



1 2 3 4 5 6 7 8 9 

Fig. 3. ImmunoUotting cytosols from different species 

Cytosols from the different species listed below were 
immunoblotted with the use of antiserum against the ox 
kidney enzyme. Tracks I -9 contained mouse liver (300 /tg), 
mouse spleen (320 /*g), mouse kidney (320 /*g), rat liver 
(350 /«g), rat spleen (350 /*g). rat kidney (350 /eg), human 
liver (350 /ig), hamster kidney (160 /ig) and fox liver 
(350/*g) respccUvely. 

biliverdin complex. To examine this possibility further 
we have utilized an earlier observation that when 
biliverdin is dissolved in a non-aqueous solvent, such as 
ethyl acetate, in the presence of a thiol a change in colour 
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Fig. 4. tomunocytoclieiiilcal staining of rat kidney and ox Iddn^ 



Staining was conducted as described in the text with the use of (a) anti-(biliverdin reductase) serum with rat kidney and 
(A) anli-(aIdosc reductase) serum with ox Icidney (6). 



from green to yellow is observed, which is due to the 
formation of thioether adduct at the central methylene 
bridge (Manitto & Monti. 1979). This colour change also 
occurs when biliverdin is dissolved in aqueous solution m 
the presence of serum albumin and a mercaptan. We 
have obtained similar results with dithiothreitol and 
GSH as mcrcaptans and with glutathione S-lransferase 



YaYc as the biliverdin-binding protein (A. Johns, O. 
Phillips A T. J. Mantle, unpublished work). We attempt- 
ed to obtain further evidence for biliverdin binding to 
the free enzyme by using biliverdin reductase as the 
'biliverdin-binding protein' in similar experiments. Un- 
fortunately when biliverdin reductase was used as the 
'biliverdin-binding protein* no such effect could be 

1988 



FEB 10 2004 16:32 FR CISTI ICIST . 
Properties of ox kidney bilivcrdin reductase 



613 941 4484 TO 15852631119 



p. u //u / 
435 



nd 



O. 
mpt- 
ig to 
the 
Un- 
; ihe 
i be 



demonstrated, even in the presence of NADP'". As 
biiiverdin reductase binds biliverdin under these con- 
ditions in a ternary enzyme-NADP*-biliverdin complex 
(Colleran. & O'Carra, 1977; Phillips & Mantle, 1981), 
this suggests that even the smallest mercaptan we used. 
2-mcrcaptoethanol, cannot gain access to the biliverdin- 
binding site. Oearly no such hindrance exists in the 
biliverdin-bindihg proteins such as serum albumin and 
glutathione S- transferase YaYc, which are known to 
display less selectivity towards hydrophobic ligands 
and can obviously acconunodale (he various thiocthcr 
adducts. 

Although biliverdin reductase is believed to be a 
•mammalian' enzyme, there have been few surveys to 
extend the range of species studied. With the availability 
of antibodies to the ox kidney enzyme we have examined 
the distribution of this enzyme and the immunological 
cross-reactivity in several species. Biliverdin reductase 
activity was present in the kidney, spleen and liver 
cytosol of all species studied (Table 2), although very low 
activities were observed in ox liver (see also Colleran & 
O'Carra, 1977). Biliverdin reductase activity from cyto- 
sols of liver, kidney and spleen of the species listed in 
Table 2 was immunoprecipitated by antibodies to the ox 
kidney enzyme with the use of Protein A-Sepharose 6B. 
Under the conditions used 100% immunoprecipitation 
was achieved in all of the samples with the exception of 
mouse kidney, rat liver and rat kidney, where 10-20 % of 
the activity remained in the supernatant. Possibly a 
fraction of biliverdin reductase in mouse kidney, rat liver 
and rat kidney is immunologically unrelated to the ox 
kidney enzyme. 

. Cytosols from the variotis tissues were also analysed 
by immunoblotting. From most species cross-reacting 
material with a subunit of 34000-46000 is clearly seen 
(Fig. 3). However, hamster kidney (track 7 in Fig. 3) and 
guinea-pig liver (results not shown) express cross-reacting 
material with significantly larger Af, values (65000 and 
85000 respectively). O'Carra & Colleran (1977) have 
reported that the guinea-pig enzyme has an Af^ of 70000, 
and the present result is consistent with that observation. 
Interestingly mouse and rat tissues behaved identically in 
that liver from both these species contain two cross- 
reactive proteins with values of 34000 and 46000. 
Spleen and kidney from both these tissues express only 
the protein of 34000. It is unclear at the present time 
whether the proteins of 34000 and 46000 correspond 
to forms 1 and 2 described by Frydman et al. (1983), 
although in support of this these workers have reported 
that only their form 1 (Af, 34000) is present in kidney and 
spleen. 

We have studied the localization of biliverdin reductase 
und aldose reductase in the kidney, liver and spleen of the 
ox, rat and human. In the rat only the proximal tubules 
of the inner cortex are stained with anti-(biliverdin 
reductase) serum (Fig. 4a). Interestingly a similar distri- 
bution has been noted for glutathione S-transferase 
YfYf and glutathione S-transferase YbYb in rat and 
mouse kidney respectively (Boyce et aL, 1987). It is 
tempting to speculate that these intracellular binding 
oroteins play a functional role with regard to maintaining 
1 low free concentration of biliverdin (Phillips & Mantle, 
i 981) to allow biliverdin reductase to operate efficiently 
in these tubules. Biliverdin reductase antiserum also 
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. Stains proximal tubules in human and ox kidney (results 
not shown). With antisera to aldose reductase with, rat 
kidney we obtained intense staining of the inner medulla 
(thin limbs of the loop of Henlc and collecting tubules) 
and weak staining of the inner cortex and glomerular 
podocytes. A similar finding has been reported by 
Ludvigson & Sorenson (1980). Similar results were 
obtained with anti-(aldose reductase) serum staining of 
human kidney, although there is no precise counterpart 
of the rat/mouse inner cortical zone in this case. 
Interestingly the glomerular podocytes of the ox kidney 
stained very intensely with anti-(a]dose reductase) serum 
(Fig. 4Z?), in contrast with the very weak staining seen 
with this structure in the rat and human. In the spleen the 
red pulp but not the splenic nodules stained with 
biliverdin reductase antiserum (results not shown). This 

. is not surprising as the nodules are not recognized sites 
of erythrocyte degradation. 

This work was supported by the Trinity College 
Development Fund. We thank S. J. Boyce and S. M, 
McBennett for performing the immunocytpchemical staining 
and Dr. D. C. Williams for helpful discussions. 
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